111. (new) The immunocqnjugate of claim 1 1 0, wherein the ribosome binding 
toxin is ricin A. 

112. (new) The immunoconjugate of claim 1 10, wherein the therapeutic agent is 
an exotoxin. 



113. (new) The immunoconjjagate of claim 1 12, wherein the exotoxin is 
Pseudomonas exotoxin A. 

114. (new) The immunoconjugate of claim 1 12 3 wherein the exotoxin is truncated 
to remove the cell-binding domain. 



115. (new) The immunoconjugat^ of claim 1 12, wherein the amino terminus of the 
exotoxin has been modified to include a lysine amino acid residue. 



1 16. (new) The immunoconjugate qf claim 109 which is purified. 



1 17. (new) A pharmaceutical composition, comprising a pharmaceutical^ 
effective amount of the immunoconjugate of cl^m 101, 102, 105, 106, or 107 and a 
pharmaceutical!)^ acceptable carrier. 



118. (new) The pharmaceutical composition of claim 117 wherein the 
immunoconjugate is purified. 



REMARKS 

The Attorney Docket Number for the above-identified application has been 
changed to "9632-033." It is respectfully requested that the computer records at the United 
States Patent and Trademark Office be amended and that the current Attorney Docket 
Number be used on all papers for this file. 

Claims 59-65, 71, 84 and 93 were pending in the instant application. Claims 
61 and 63 have been amended and new claims 94-1 1 8 have been added to more clearly claim 
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that which Applicants regard as the invention. The amendment and new claims find support 
throughout the specification and therefore do not introduce new matter. Support for the 
amendment to claim 61 may be found at page 44, line 24 to page 45, line 5. Support for the 
new claims may be found in the specification, for example, as follows: 

Claim 94 finds support at page 35, lines 4 to 11, page 40, lines 36 to 41, and 
page 54, lines 18 to 35. Claim 95 finds support at page 41, lines 14 to 17, and page 54, lines 
20 to 35. Claim 96 finds support at page 55, lines 3 to 19, and page 61, lines 9 to 19. Claim 
97 finds support at page 55, lines 1 to 2, and page 61, lines 9 to 19. Claim 98 finds support at 
page 57, lines 10 to 20. Claim 99 finds support at page 54, lines 15 to 17. Claim 100 finds 
support at page 73, line 24 to 30. Claim 101 finds support at page 26, lines 8 to 11, page 37, 
line 30 to page 38, line 18. Claim 102 finds support at page 26, line 8 to 1 1, and page 37, line 
30 to page 38, line 18. Claim 103 finds support at page 54, lines 20 to 35. Claim 104 finds 
support at page 55, line 1 to page 56, line 4. Claim 105 finds support at page 55, lines 1 to 2. 
Claim 106 finds support at page 57, lines 10 to 20. Claim 107 finds support at page 54, lines 
15 to 17. Claim 108 finds support at page 73, lines 24 to 30. Claim 109 finds support at page 
27, lines 1 to 19; page 44, line 14 to page 45, line 28; and page 53, line 9 to page 54, line 19. 
Claims 110-113 find support at page 44, lines 25 to 3 1 . Claim 114 and 115 find support at 
page 44, line 24 to page 45, line 28. Claim 116 finds support at page 37, line 30 to page 38, 
line 18. Claim 117 finds support at page 30, lines 17-35. Claim 118 finds support at page 30, 
lines 17-35 and page 73, lines 24-30. 

The Rejections Under 35 ILS.C. § 103 (a) Should be Withdrawn 

Claims 59-65, 71, 84 and 93 are rejected under 35 U.S.C. § 103(a), allegedly 
as being obvious over Abe et aL, 1986, Cancer Res. 46:2639-44 ("Abe"); Kim et aL, 1986, 
Cancer Res. 46:5985-5992 ("Kim"); and Hellstrom et aL, 1986, Cancer Res. 46:3917-3923 
("Hellstrom"), in view of the teachings of Oldham et aL, 1983, J. Biol. Resp. Modif. 2:1-37 
("Oldham") and Schlom, in "Molecular Foundations of Oncology," Broder, Ed., Williams and 
Wilkins, 1991 pp. 95-134 ("Schlom"), to make the claimed invention. The Examiner alleges 
that the teaching of the prior art, when combined, provide the suggestion and the motivation 
to grant one of ordinary skill in the art the reasonable expectation of success in arriving at the 
claimed invention. 
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In response, Applicants respectfully disagree. Applicants assert that the Examiner has 
not established a prima facie case of obviousness, wherein which the Examiner must 
demonstrate: (1) that the combined references teach or suggest all claim limitations; (2) these 
references provide teaching, suggestion or motivation to combine or modify the teaching of 
the prior art to produce the claimed invention; and (3) the combined teaching of the prior art 
references indicates a reasonable expectation of success in arriving at the claimed invention. 
See, e.g., InreMayne, 104 F.3d 1339, 1341-42,41 U.S.P.Q.2d 1451 (Fed. Cir. 1997). 
Additionally, when a rejection for alleged prima facie obviousness relies upon a combination 
of prior art references, the burden is upon the Examiner to establish that there exists a 
teaching, motivation, or suggestion to combine the prior art references, and that this art 
suggests the desirability of doing so. In re Rouffet, 149 F.3d 1350, 1355, 47 U.S.P.Q.2d 1453 
(Fed. Cir. 1998); In re Fritch, 922 F.2d 1260, 23 U.S.P.Q.2d 1790 (Fed. Cir. 1992). 

The prior art references cited by the Examiner fail to describe or suggest an 
immunoconjugate that comprises a Lewis Y specific antibody that is internalized by a 
carcinoma cell with which it reacts. Abe, Kim, and Hellstrom make no mention of 
immunoconjugates and do not discuss internalization within cells; Oldham describes the use 
of monoclonal antibodies as a component of immunoconjugates, but does not contemplate 
internalization of such immunoconjugates within cells. Examiner alleges that a single cited 
reference, Schlom, provides the rationale and the motivation that the development of 
monoclonal antibody conjugates that would be able to internalize within a cell would be 
desirable. 

Applicants respectfully point out that, even assuming arguendo that Schlom teaches 
that such a goal is desirable, Schlom does not provide sufficient teaching or motivation so 
that one of ordinary skill in the art would reasonably expect to achieve success with this goal, 
independent of its desirability. Rather, Schlom, in observing "that some solid tumor 
membrane antigens are stable cell surface components suggests that a subset of mAb drug 
conjugates will be ineffective against these target antigens" (p. 107) and that the "necessity of 
the mAb conjugate to internalize for cytotoxic activity" provides a "theoretical limitation to 
the potential usefulness of mAb drug or toxin conjugates as effective oncolytic agents" (p. 
107) instead demonstrates that one of ordinary skill would not reasonably expect to 
successfully develop an immunoconjugate capable of internalizing within a carcinoma cell. 
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Schlom, along with the other references cited by the Examiner, do not suggest with a 

reasonable expectation of success that an antibody (or conjugate thereof) to a Lewis Y antigen 

would internalize within the carcinoma cells displaying the Lewis Y antigen. Applicants note 

that the internalization of antibodies within cells is highly unpredictable in nature and thus the 

supposition that one of ordinary skill in the art would reasonably expect that 

immunoconjugates specifically targeted for Lewis Y antigens would be internalized by the 

cell, without benefit of the teachings of Applicant's disclosure, is unfounded. 

Applicants point out that the desirability of a research goal, and the notion that efforts 

leading to a desirable goal as "obvious to try" have long been considered improper grounds 

for an obviousness rejection. See, e.g., In re O'Farrell, 853 F.2d 894, 903 (Fed. Cir. 1988); 

see also MPEP § 2145 (X)(b). Examiner's arguments that "one of ordinary skill would have 

known at the time of the claimed invention how to screen for ligands that internalized into 

cells" and such efforts would be motivated to do so as "[internalizing antibodies are 

desirable in those instances where there would have been a necessity for introducing the 

cytotoxic, diagnostic or therapeutic agent to the interior of the cell" do not generate a 

reasonable expectation of success and rather constitute merely an argument that the present 

invention was "obvious to try." In fact, this argument embodies one type of error perpetrated 

by improper "obvious to try" rejections that the Federal Circuit expressed specific concerns to 

avoid in the decision of In re O'Farrell. As the Federal Circuit explained: 

The admonition that "obvious to try" is not the standard under § 103 has been 
directed mainly at two kinds of error. In some cases, what would have been 
"obvious to try" would have been to vary all parameters or try each of 
numerous possible choices until one possibly arrived at a successful result , 
where the prior art gave either no indication of which parameters were critical 
or no direction as to which of many possible choices is likely to be successful . 
See id. at 903 (emphasis added). 

Applicants assert that direction as to which choices are likely to be successful is 
especially critical in art of a highly unpredictable nature, such as the internalization of 
antibodies within target cells. See In re Rinehart, 531 F.2d 1048, 189 U.S.P.Q. 143 (CCPA 
1976) (evidence showing the lack of reasonable expectation of success in an art of limited 
predictability may support a conclusion of nonobviousness). It is known in the art that not all 
antibodies are internalized. For example, researchers have identified anti-transferrin receptor 
antibodies that fail to demonstrate internalization upon binding to the target cell. See Exhibit 
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C (Lesley et aL 9 1989, Exptl. Cell Research 182:215-233). Similar findings have also been 
demonstrated with antibodies to the Human CSF-1 receptor (which antibodies are presumed 
not to internalize since their cognate receptor is not internalized upon antibody binding). See 
Exhibit D (Sherr et al. 9 1989, Blood 73(7): 1786- 1793), Researchers conducting studies on 
the internalization of antibodies to malignant B-cells have noted the substantial variance in 
internalization results. See Exhibit E (Press et ai, 1989, Cancer Research 49(17):4906- 
4912). Similarly, Berinstein et al have shown that antibody binding to a cell is insufficient to 
guarantee internalization. See Exhibit F (Berinstein et aL, 1987, Cancer Research 
47(22):5954-5959). Furthermore, Berinstein et aL note that the rate of endocytosis of the 
antigen-immunotoxin complex is a major parameter influencing effective growth inhibition 
by immunotoxins, and may limit the use of their studied immunotoxin for cytotoxic purposes 
to certain targeting antibodies. See id, at 5958-59. 

As internalization of antibodies into target cells is of a highly variable nature, 
dependent upon a plurality of factors, inter alia, the nature of the antibody, and the epitopic 
and cellular structural context of the target cell, the art is sufficiently unpredictable to prevent 
the conclusion that one of ordinary skill in the art would possess a reasonable expectation of 
success in attaining the presently claimed invention. As such, Examiner's arguments fail to 
sustain the characterization of the present claims as prima facie obvious, and Examiner's 
rejection to the present claims as obvious under 37 C.F.R. § 103 (a) should be withdrawn. 

Rejection Under Obviousness-Type Double Patenting Should be Withdrawn 

Claims 59-65, 71, 86 and 93 have been rejected under the judicially created 
doctrine of obvious-type double patenting as being unpatentable over claims 1-15 of U.S. 
Patent No. 5,980,896. In response, Applicants intend to submit a Terminal Disclaimer, if 
appropriate, upon an indication of allowability of the present claims, thereby obviating the 
double patenting rejection. 
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CONCLUSION 

Applicants respectfully request that the amendments and remarks of the 
present response be entered and made of record in the instant application. Claims 59-65, 71 , 
84, and 93-1 18 fully meet all statutory requirements for patentability. Withdrawal of the 
Examiner's rejections and allowance and action for issuance are respectfully requested. 

Applicant respectfully requests that the Examiner call the undersigned attorney 
at (212) 790-9090 if any questions or issues remain. 

Respectfully submitted, 

Date May 6, 2002 

Adriane M. Antler (Reg. No.) 

PENNIE & EDMONDS llp 
1 155 Avenue of the Americas 
New York, New York 10036-271 1 
(212)790-9090 

Enclosures 



fUd^Aa^/Th. UM^, 32,605 
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Atty. No. 9632-033 

EXHIBIT A 

Marked-up version of the amended claims 
Application No. 09/290,708 
Dated: May 6, 2002 

61 . (amended) The immunoconjugate of claim 60 wherein the therapeutic agent is a 
cytotoxin that is a ribosome binding toxin. 

63. (amended) The immunoconjugate of claim 61 wherein the therapeutic agent 
[ribosome binding toxin] is an exotoxin. 
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Atty. No. 9632-033 



EXHIBIT B 



Claims that will be pending in Application No. 09/290,708 
as of entry of the instant amendment 
Dated: May 6, 2 0 02 



59. An immunoconjugate that comprises an antibody joined to a therapeutic agent, 
wherein the antibody comprises an immunoglobulin or antigen-binding fragment thereof that 
specifically binds to a Lewis Y cell membrane antigen of a carcinoma cell, wherein upon 
binding of the antibody to the carcinoma cell, the antibody is capable of being internalized 
within the cell. 

60. The immunoconjugate of claim 59 wherein the therapeutic agent is selected 
from the group consisting of a cytotoxin, an anti-tumor drug, a radioactive agent, a second 
antibody, and an enzyme. 

61 . The immunoconjugate of claim 60 wherein the therapeutic agent is a cytotoxin 
that is a ribosome binding toxin. 

62. The immunoconjugate of claim 61 wherein the ribosome binding toxin is ricin A. 

63. The immunoconjugate of claim 61 wherein the therapeutic agent is an 
exotoxin. 

64. The immunoconjugate of claim 63 wherein the exotoxin is Pseudomonas 
exotoxin A. 

65. The immunoconjugate of claim 63 wherein the exotoxin is truncated to 
remove the cell-binding domain. 

71 . The immunoconjugate of claim 63 wherein the amino terminus of the exotoxin 
has been modified to include a lysin amino acid residue. 
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86. A pharmaceutical composition comprising a pharmaceutical^ effective 
amount of the immunoconjugate of claim 59 and a pharmaceutical^ acceptable carrier. 

93. The immunoconjugate of claim 59 wherein the Lewis Y cell membrane 
antigen comprises a fucosylated variant of a Lewis Y antigen. 

94. The immunoconjugate of claim 59, wherein the antibody or antigen- 
binding fragment thereof is a monoclonal antibody or a fragment of a monoclonal antibody. 

95. The immunoconjugate of claim 59 ? wherein the antibody is a Fab, F(ab') 2 or 
Fv fragment. 

96. The immunoconjugate of claim 59, wherein the antibody is a bifunctional 
antibody with a binding specificity for two different antigens, one of the antigens being said 
Lewis Y cell membrane antigen of a carcinoma cell. 

97. The immunoconjugate of claim 59, wherein the antibody is a chimeric 
antibody. 

98. The immunoconjugate of claim 59, wherein the antibody is a 
humanized antibody. 

99. The immunoconjugate of claim 59, wherein the antibody is a human 
antibody. 

100. The immunoconjugate of claim 59, 94, 97, 98, or 99, which is purified. 

101 . An immunoconjugate that comprises an antibody joined to a therapeutic agent, 
wherein the antibody comprises an immunoglobulin or antigen-binding fragment thereof that 
competitively inhibits binding of the monoclonal antibody BR96, as produced by the 
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hybridoma deposited with the ATCC and assigned Accession No. HB 10036, to a carcinoma 
cell. 

102. The immunoconjugate of claim 101, wherein the antibody is a monoclonal 
antibody or a fragment of a monoclonal antibody. 



103. The immunoconjugate of claim 101, wherein the antibody is a Fab, F(ab') 2 or 
Fv fragment. 

104. The immunoconjugate of claim 101, wherein the antibody is a 
bifunctional antibody with a binding specificity for two different antigens. 

105. The immunoconjugate of claim 101, wherein the antibody is a 
chimeric antibody. 

106. The immunoconjugate of claim 101, wherein the antibody is a 
humanized antibody. 

107. The immunoconjugate of claim 101, wherein the antibody is a human 
antibody. 

108. The immunoconjugate of claim 101, 102, 105, 106, or 107, which is purified. 

109. The immunoconjugate of claim 101 wherein the therapeutic agent is 
selected from the group consisting of a cytotoxin, an anti-tumor drug, a radioactive agent, a 
second antibody, and an enzyme. 

110. The immunoconjugate of claim 109, wherein the therapeutic agent is a 
cytotoxin that is a ribosome binding toxin. 
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111. The immunoconjugate of claim 1 10 5 wherein the ribosome binding 
toxin is ricin A. 

112. The immunoconjugate of claim 1 10, wherein the therapeutic agent is an 
exotoxin. 

113. The immunoconjugate of claim 1 12, wherein the exotoxin is 
Pseudomonas exotoxin A. 

114. The immunoconjugate of claim 112, wherein the exotoxin is truncated 
to remove the cell-binding domain. 

115. The immunoconjugate of claim 1 12, wherein the amino terminus of the 
exotoxin has been modified to include a lysine amino acid residue. 

1 16. The immunoconjugate of claim 109 which is purified. 

117. A pharmaceutical composition, comprising a pharmaceutically 
effective amount of the immunoconjugate of claim 101, 102, 105, 106, or 107, and a 
pharmaceutically acceptable carrier. 

118. The pharmaceutical composition of claim 117, wherein the 
immunoconjugate is purified. 
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Experimental Cell Research 182 (1989) 215-233 

Modulation of Transferrin Receptor Expression and Function by 
Anti-transferrin Receptor Antibodies and Antibody Fragments 

JAYNE LESLEY, 1 ROBERTA SCHULTE, and JOHN WOODS* 
SSSSS^SSi of antibody binding on transferrin receptor distribution, metabo- 

S5S3£^SSS3=SSS 

o?Son o r degradation. Diavalent antibody caused a ^^^^?SZf^ 
iurfecTreceptor expression, which was accompanied by increased degradation only when 
SSSr^STSeieBt. Normal receptor cycling apparently continued, despite the 
rl^n^su^ expression Culture in ^^^^^S^Z 

Tn^^ 

dffieren degrees of antibody crosslinking can influence transferrin receptor function, by 
receptor down-regulation and blocking internalization. © 1989 Academtc *«. - 



The expression of functional transferrin receptors on the cell surface is dosely 
associated with ceU growth [1-6]. In growing cells, transferrin 
continuously from the cell surface to intracellular compartments and back ^ the 
cell surface [7-13]. Antibodies against transferrin receptor have been ^show to 
cause a redistribution of surface receptors and in some cases to inhibit cell 
growth [6 14-25]. The mechanisms of these antibody effects are of consid e able 
bt^ince anti-transferrin receptor antibodies are often used »^t^ 
functions in vitro [6, 16, 18-22, 25] and antibodies ^ h ^? u *^^S 
for essential growth factors (such as transferrin receptor) have been proposed as 
anti-tumor agents in vivo [26-28]. w(< „ t . r ti _ 

In both murine and human systems, polymeric ^^^J^T^ 
bodies (IgM and IgA) are more effective inhibitors of rn ^ cd * 
receptor-specific antibodies of the IgG classes [15, 16, 19, 22 23]. IgG an ti 
receptor antibodies become inhibitory when crosslinked with ^-""T"^ 
[19, 23]. The growth inhibitory effects are not attributable to competition^^ 
transferrin binding site [19, 23, 25]. Both IgG and IgM anti-transfernn receptor 
antibodies can cause redistribution of cell-surface receptors [17, 19, 21 ia\. 
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216 Lesley, Schulte, and Woods 

Receptor down-regulation by IgG antibody has been shown to be accompanied 
by an increased rate of receptor degradation [19, 24], 

It has been suggested that whether anti-transferrin receptor antibodies are 
growth inhibitory or cause receptor down-regulation (here, we use down-regula- 
tion to indicate a reduction in receptor levels on the cell surface, not necessarily 
accompanied by degradation) is determined by the degree of crosslinking of 
receptors by bi- and multivalent binding agents [19, 23]. In order to study this 
question further, we have prepared monovalent Fab fragments from an IgM and 
an IgG 2a anti-murine transferrin receptor antibody and divalent F(ab') 2 fragments 
from the IgM antibody. We have studied the effects of monovalent, divalent, and 
multivalent receptor-binding antibodies on cell growth, receptor cell-surface 
expression, intracellular localization, and degradation. 



MATERIALS AND METHODS 
Cells. The AKR/J thymic lymphoma cell line AKR1 was used for all these studies [29]. It was 
cultured in 10% horse serum in Dulbecco's modified Eagle's medium. 

Antibodies. The monoclonal anti-transferrin receptor antibodies RI7 208, a rat IgM; RI7 217, a rat 
IgG^; and RL34-14, another rat IgG^; and their purification from ascites fluid and serum of Balb/c 
Nu/Nu mice have been described [18, 19]. Purified antibody was used for preparation of fragments, 
iodination, blocking, growth, and immunolocalization studies. Culture supernatants from the hybrido- 
mas producing the antibodies were used for flow cytometry and immunoprecipitations. 

Preparation and testing of antibody fragments. Monovalent Fab fragments of purified monoclonal 
antibodies RI7 208 and RI7 217 were prepared by papain digestion [30] and ion exchange chomato- 
graphy on GE52 Sephadex (Whatman). Conditions for digestion of each antibody were chosen (on the 
basis of complete digestion of heavy chain and a good yield of light-chain containing fragments) after 
trial digestion at differing papain/protein ratios and times of digestion. Complete digestion of the 
antibody heavy chain was verified by gel electrophoresis (sodium dodecyl sulfate (SDS) -10% 
polycrylamide reducing gels, Ref. [31]) of the total digest and of the fractions eluted from the GE52 
column. In mixing experiments, we could readily detect 5% contamination by intact IgM heavy chain 
and still lower levels of intact IgG heavy chain. Any undigested material would have been below 
these levels. Column fractions were screened for antibody activity and the absence of Fc determi- 
nants by flow cytometric analysis as follows: column fractions were adjusted to 0.035 OD 280 units/ml in 
PBS. One hundred microliters of this dilution of each column fraction was incubated with two aliquots 
of 10 6 AKR1 cells for 30 min at 4°C. Following two washes in the cold, one aliquot was incubated (30 
min at 4°C) with flurescein-labeled anti-rat Ig specific for heavy and light chain (Cappeil Laboratories) 
and the other with fluorescein-labeled anti-rat specific for the appropriate heavy chain Fc: anti-IgM 
(Hyclone Laboratories) or anti-IgG (Cappeil Laboratories). (Specificity of the latter reagents for their 
respective Fc determinants was titrated using intact RI7 217 (IgGJ and RI7 208 (IgM) antibodies 
bound to AKR1 cells. The fluorescent-labeled, Fc-specific anti-IgG was used at a dilution such that it 
labeled cells preincubated with RI7 217, but did not label cells preincubated with RI7 208. Similarly, 
the anti-IgM antibody stained cells preincubated with RI7 208 but not with RI7 217.) After two more 
washes in the cold, the samples were run on a modified Los Alamos flow microfluonmeter as 
described previously [32]. Column fractions showing anti-transferrin receptor activity without binding 
the anti-Fc-specific reagent and containing light chain but no detactable intact heavy chain on 
SDS-acrylamide gels were pooled. 

A divalent F(ab') 2 fragment of RI7 208 (IgM) antibody was prepared by pepsin digestion (2 n at 3 / J~ 
with a pepsin/protein ratio (w/w) of 2%, Ref. [33]) and separation on Sephacryl-S200 (Pharmacia). 
Column fractions were screened on SDS-acrylamide gels (reducing conditions) for the absence of 
intact heavy chain and the presence of light chain, and for the presence of a band around 100,000 M r in 
nonreducing gels. These fractions were also screened for binding to cells by flow cytometry as 
described above. Pepsin digestion of RI7 217 was also attempted in order to produce a divalent F(ab'): 



2 Abbreviations used: PBS, phoshate-buffered saline, 0.15 M NaCl, lOnM NaH,P0 4 (pH 7.2); 
ovalbumin; SDS, sodium dodecyl sulfate. 
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fragment of the IgG^. This digestion was neither efficient nor uniform. Undigested, intact heavy chain 
remained along with heterogeneous fragments of heavy chain. This resulted in a mixture of intact 
antibody and various fragments including a monovalent Fab with an Af r around 50 kDa. Though there 
appeared to be a diavalent F(ab')2 fragment in this digest, the yield was very low and it could not be 
separated reliably from the other components. 

Blocking of 125 I-antibody binding by fragments. Transferrin receptor binding activity of Fab prepara- 
tions was determined by titrating their ability to block the binding of 125 I-labeled intact RI7 208 or RI7 
217 to AKR1 cells as described previously [18, 34]. Serial twofold dilutions of unlabeled fragment 
preparations were added to cells in microwells, followed by the addition of a subsaturating concentra- 
tion of 123 I-labeled intact antibody. Blocking curves for the antibody fragments were compared to 
curves for intact unlabeled antibody. 

In growth, modulation, degradation, and microscopy studies, the concentration of the antibody 
fagment preparations was adjusted to give binding equivalent to that of intact antibody. 

Cell growth. Cell growth in the presence of antibody fragments was determined as previously 
described ([18] and legend to Fig. 3). 

Quantitation of cell-surface receptors. Flow microfluorimetry was used to quantitate levels of 
surface receptor expressed on AKR1 cells cultured in anti-transferrin receptor antibodies and frag- 
ment preparations. Staining, washes, and analysis on modified Los Alamos flow microfluorimeter 
were performed as described previously [32]. Because of differences in the staining levels seen with 
the different antibody preparations, all cells were restained with a third anti-transferrin receptor 
antibody (RL34-14) in order to maximize labeling of cell-surface receptors. (The differences in 
staining intensity among the antibodies appear to be due to differences in the affinity of the fluorescein 
anti-rat Ig second reagent for IgG, IgM, and Fab antibodies.) RL34 binds to a different determinant 
than RI7 208 or RI7 217 [19, 34] and binds the polyspecific Fl anti-rat Ig well. Though RI7 208 and RI7 
217 compete with RL34 binding, due to the close proximity of all the binding sites [19], the binding of 
RL34 in combination with antibodies or fragments on the cell surface gives a measure of the total 
surface receptor when stained with polyspecific Fl anti-rat Ig (Cappell Laboratories). In fact, staining 
with several different anti-receptor antibodies gave the same results. 

Receptor degradation. To study the fate of the surface transferrin receptor in the presence of anti- 
transferrin receptor antibodies, AKR1 cells were surface 125 I-iodinated under sterile conditions with 
lactoperoxidase [31]. Washed cells were then put into several replicate dishes in the presence or 
absence of 10 u.g/ml of RI7 217 antibody or the equivalent concentration of antibody fragment. 
Antibody was added at 4°C and allowed to bind to the cells before culture at 37°C. For the 0 time 
point, cells were harvested without wanning to 37°C. At various times after the initiation of culture, 
cells were washed in phosphate-buffered saline [PBS, 0.15 M NaCl, 10 mM NaH 2 P0 4 (pH 7.2)] and 
solubilized in 1% Nonidet-P40 in PBS. Nuclei were spun out (5 min at 850g), and the lysates were 
precipitated with hybridoma supernatants and polyspecific anti-rat immunoglobulin [35]. Precipitates 
were reduced and run on SDS-10% polyacryiamide gels. 

Immunolocalization. Cells used for immunolocalization experiments were harvested from experi- 
mentally growing cultures at densities of 5-10x 10 5 cells/ml. For fluorescent light microscopy experi- 
ments, cells were fixed for 30 min by adding an equal volume of 4% formaldehyde (freshly prepared 
from paraformaldehyde) in PBS directly to the culture medium. For immunoperoxidase electron 
microscopy experiments, cells were fixed overnight by adding an equal volume of fixative prepared in 
a 2x solution such that the final concentrations were 2% formaldehyde, 0.075 Af lysine, 0.01 Af 
NaI0 4 , and 0.0375 Af NaP0 4 , pH 6.2. In some experiments, anti-transferrin receptor antibody 
preparations (RI7 217, 10 ng/ml; Fab from RI7 217, 20 ug/ml; RI7 208, 10 [Ag/ml; F(ab') 2 from RI7 208, 
20 ug/ml) were added to the culture media and incubated for 5-60 min at 37°C prior to fixation. After 
fixation, cells were washed three times (by centrifugation and resuspension) in protein-free PBS. The 
final pellet was resuspended in a minimal volume of PBS, and a 15-ul aliquot containing 10 3 -10 6 cells 
was placed on a polylysine-coated glass microscope slide [36]. The cells were allowed to adhere for 30 
min after which the slides were extensively washed with PBS containing 0.1 % ovalbumin (PBS/OVA) 
to remove unbound cells, leaving an attached closely spaced monolayer. 

For immunofluorescent observation, attached cells were permeabilized by incubation with 0.1% 
Triton X-100 in PBS for 10 min followed by washing with PBS/OVA. Labeling of attached, pefmeabi- 
Uzed cells was carried out by placing a 40-ul droplet of the appropriate reagent diluted in PBS/OVA 
over the cells. For visualization of transferrin receptors, cells were first incubated with rat anti-mouse 
transferrin receptor antibody (10-20 ug/ml) followed by incubation of fluorescein-conjugated rabbit 
anti-rat Ig (Cappel Laboratories, diluted 1:50). For visualization of prebound anti-transferrin receptor, 
the cells were incubated only with the latter reagent. Generally the cells were incubated in each 
antibody for 1-2 h, rinsed (five times) with PBS/OVA after each incubation, mounted in phenylenedia- 
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mine/glycerol [37], and examined in a Zeiss photomicroscope III equipped with epifluorescence 
illumination. Photomicrographs were taken with the largest diameter of the cells in the plane of focus 
in order to clearly distinuish intracellular label from surface label. All fluorescent micrographs were 
taken at an exposure of one minute and all prints within a single figure were exposed and processed 
for the same times in order to facilitate comparisons between signals obtained with different antibody 
preparations. 

For electron microscopic observation of the distribution of prebound anti-transferrin receptor 
antibodies, the immunoperoxidase procedure previously described was employed [13]. In brief, the 
fixed attached cells were incubated in a 20-ul droplet of PBS/OVA containing 0.05% saponin 
(PBS/OVA/SAP). The cells were then incubated for 90 min with a rabbit anti-rat IgG (1 : 50 dilution) 
followed by horseradish peroxidase-conjugated sheep anti-rabbit Fab (1 : 100 dilution) (Biosys, Com- 
piegne, France) for 1-2 h each. After each antibody incubation the cells were washed with five to 
seven changes of PBS/OVA/SAP. The cells were then fixed for 30 min in 1.5% gluteraldehyde in 100 
mAf sodium cacodylate, pH 7.4, containing 5% sucrose, followed by extensive washing with 50 mM 
Tris containing 7.5% sucrose. The perioxidase reaction was initiated by covering the cells with 50 nl 
of a mixture of 1 ml of 0.2% diaminobenzidine in 50 mM Tris, pH 7.4, containing 7.5% sucrose plus 
15 ul of 0.3% H 2 0 2 (final H 2 0 2 concentration 0.005%) and allowed to proceed for 5-15 min (until the 
cells appeared brown under a dissecting microscope). The reaction was terminated by extensive 
washing with 50 mM Tris, pH 7.4, containing 7.5% sucrose. The cells were postfixed in a 50-ul drop 
of ferrocyanide-reduced Os0 4 for 20 min at room temperature. Dehydration and embedding in Epox 
812 were carried out on the slide and, after the final change of Epox, the slide was placed upside down 
on a silicon rubber embedding mold and polymerized overnight at 60°C. The cells thus embedded 
were separated from the glass with a razor blade, and selected areas (—1 mm 2 ) were mounted on a 
support block of Epox and sectioned en face. Sections were stained with lead citrate and examined in 
a Philips 301 electron microscope operated at 60 kV. 

RESULTS 

Antibody Fragments 

Figure 1 shows the results of SDS-polyacrylamide gel electrophoresis of intact 
RI7 208 and RI7 217 monoclonal antibodies and their purified fragments under 
reducing and nonreducing conditions. Intact RI7 208, an IgM antibody [18], does 
not enter the (7.5% acrylamide) nonreduced gel. Reduced and run on a 10% 
acrylamide gel, it has a light chain of about 30 kDa and a heavy chain of about 70 
kDa. The monovalent Fab preparation of RI7 208, nonreduced, shows a major 
band at about 45 kDa and a minor band at about 60kDa. Reduced, this prepara- 
tuin shows a light chain at 30 kDa and several heterogeneous lower molecular 
weight bands. The divalent F(ab'>2 (pepsin digested) preparation of RI7 208 has 
an unreduced apparent molecular weight of 155 kDa. Reduced, it shows intact 
light chain at 30 kDa and a fragment of the heavy chain with an apparent 
molecular weight of 47 kDa. The apparent molecular weight of the unreduced 
fragment is consistent with a disulfide bonded dimer consisting of two light chains 
and two heavy chain fragments. Intact, RI7 217, an IgG 2a [18], has an apparent 
molecular weight of 210 kDa unreduced in these gels. Reduced it shows a 32-kDa 
light chain and 49-kDa heavy chain. The monovalent Fab preparation has two 
bands unreduced at 54 and 39 kDa, and reduced it contains light chain and several 
lower M r bands. Several different preparations of each Fab fragment were made 
and all gave results similar to those shown in Fig. 1. 

Both RI7 208 and RI7 217 monovalent Fab preparations had two major bands 
on unreduced SDS-acrylamide gels wich migrated at about 54-60 and 39-45 kDa. 
In two-dimensional electrophoresis, run nonreduced in the first dimension and 
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Fig. 1. SDS-acryiamide gel electrophoresis of antibodies and fragments. Two micrograms of 
purified antibody preparation was loaded in each well. Nonreduced samples were diluted and boiled 
in sample buffer without mercaptoethanol and run on 7.5 % acrylamide gels. Reduced samples 
included 0.5 M mercaptoethanol in the sample buffer and were run on 10% acrylamide gels. Lanes 
contained intact RI7 208 IgM antibody (A), purified by dialysis against low salt; monovalent Fab of 
RI7 208 (£), prepared by papain digestion and purified by ion exchange chromatography on GE52 
(Whatman); divalent F(ab') 2 of RI7 208 (O, prepared by pepsin digesion and purified by gel filtration 
on Sephacryl S-200, superfine (Pharmacia); * 'low' '-molecular- weight standards (Bio-Rad) (£>); intact 
RI7 217 IgG antibody (£), purified on GE52; monovalent Fab of RI7 217 (F), papain digest purified on 
GE52; and high-molecular- weight standards (Bio-Rad) (G). 



reduced in the second dimension, both bands could be shown to contain antibody 
light chain. In some experiments, the two bands were partially separated on GE52 
Sephadex purification and assayed separately for anti-transferrin receptor activi- 
ty. Both had activity in blocking the binding of 125 I-labeled antibody and both 
bound to cells as detected by flourescein-labeled anti-rat Ig with heavy- and light- 
chain specificity, but not detected by Fe specific anti-IgG (see Materials and 
Methods). Papain has apparently' cut the heavy chains of both monoclonal 
antibodies at several different sites resulting in multiple heavy chain fragments 
with M r of below 30 kDa. Some of these fragments remain associated through 
intrachain disulfide bonds and are able to combine with light chain to give two 
major species that bind antigen. Despite their molecular complexity, on the basis 
of their binding to cells and blocking intact antibody, both Fab species from each 
of the monoclonal antibodies have antigen binding sites and, on the basis of their 
molecular weights, are monovalent. 

Antigen-Binding Activity of Antibody Fragments 

Transferrin receptor binding activity of Fab and F(ab'>2 preparations was 
determined relative to intact antibody by titrating the ability of fragments and 
whole antibody to block binding of l25 Mabeled intact RI7 208 or RI7 217 to AKR1 
cells. This was done to verify the antigen specificity of the antibody fragments 
and to adjust their concentration to achieve binding comparable to intact anti- 
body. Exemples of these titrations are shown in Fig. 2. For several different 
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Fig. 2. Blocking of 123 I-antibody binding by unlabeled antibody and fragments. 125 I-Labeled intact 
RJ7 208 and R17 217 antibodies were incubated with AKR1 cells in the presence of the indicated 
concentrations of unlabeled intact antibody (solid circles) or antibody fragments (open circles). 
Binding of 123 I-labeled antibody in the absence of competing cold antibody is indicated by the solid 
square in each panel. (A) I23 I-RI7 217 binding in the presence of intact IgG RI7 217 (• — •) and 
monovalent RI7 217-Fab (O— O). (B) 123 I-RI7 208 binding in the presence of intact IgM RI7 208 
(•— •) or monovalent RI7 208-Fab (O — O). (Q 123 I-RI7 208 binding in the presence of intact IgM RI7 
208 (•— •) or divalent RI7 208-F(ab') 2 (O — O). 123 I-Labeled antibodies were used at a concentration 
below the saturation level for the particular preparation and such that sufficient cpm were bound. 
Different 125 I-RI7 208 preparations were used in experiments shown in (B) and (Q. 



preparations of RI7 217 Fab, the monovalent preparations gave half-maximal 
blocking at about 0.5, 1, and 2 times the OD 28 o of whole, unlabeled RI7 217 
antibody. Monovalent RI7 208 Fab preparations gave half-maximal blocking at 
about 2, 3, and 5 times the OD 28 o of whole RI7 208 antibody; and diavalent F(ab')2 
from RI7 208 blocked at equal protein concentrations to whole RI7 208. 

A pure Fab preparation from RI7 217 would be expected to contain an equiv- 
alent number of antigen-binding determinants at about half to two-thirds the 
protein concentration of intact antibody. A pure Fab from RI7 208 of the sizes we 
obtained should contain an equal number of binding determinants at about half 
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Fig. 3. Growth of AKR1 cells in the presence of anti-transferrin antibodies and fragments. AKR1 
cells were plated in 35-mm petri dishes at 5x 10 4 cells or 1 x 10 5 cells/ml. Intact antibody at 10 ng/ml or 
antibody fragments adjusted to a dilution equivalent in binding activity to 10 u.g/ml of whole antibody 
(see Materials and Methods) was added. Cells were counted at the indicated times on a Coulter 
counter. (A), AKR1 cells without antibody (#—•); 10 |ig/ml intact IgM RI7 208 (• — •); 30 u-g/ml RI7 
208 monovalent Fab (■—■); 10 ng/ml intact IgG RI7 217 (■—■). (B), AKR1 cells without antibody 
(#-#), io Lig/ml intact IgM RI7 208 (•—•); 10 \iglml RI7 208 divalent F(ab') 2 (■—■); ™ H^ml 
intact IgG RI7 217 (■—■); 20 [Ag/ml RI7 217 monovalent Fab (O—O). 



the protein concentration of intact RI7 208, and the RI7 208 (Fab') 2 should bind 
equally at about two-thirds the concentration of whole antibody. The reduced 
binding activity of some of the Fab preparations relative to intact antibody could 
be due to (1) reduced avidity because of the absence of the stabilizing contribu- 
tion of multivalent binding, and/or (2) the presence of inactive protein fragments 
in the preparations. Since some of the RI7 217 preparations gave binding equiv- 
alent to intact antibody, we believe the reduced activity of some preparation was 
due to the presence of inactive protein fragments in these RI7 217 Fabs. Both 
factors may contribute to the relatively poor blocking activity of the RI7 208 Fab 
preparations. In growth, modulation, degradation, and microscopy studies, the 

\ concentration of the antibody fragment preparations was adjusted to give binding 

j equivalent to that of intact antibody. 

| Cell Growth in the Presence of Antibody and Fragments 

j The IgM antibody RI7 208 inhibits cell growth (>90% inhibition) and reduces 

i cloning efficiency of AKR1 lymphoma cell lines to about 10" 5 , while cells grown 

in IgG antibodies such as RI7 217 show about 50% reduction in growth rate and 
i minimal effects on cloning efficiency [19]. We cultured AKR1 cells in monovalent 
) Fab fragments from the IgM antibody and assayed cell growth up to 4 days. 

F 'gure 3A shows that Fab fragments of RI7 208 had no effect on cell growth. The 
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Fig. 4. Redistribution of cell-surface transferrin receptor in the presence of antibodies and frag- 
ments. AKR1 cells were plated at 2x 10 5 ceils/ml in the presence of intact antibody at 10 ug/ml or an 
equivalent dilution of RI7 217 monovalent Fab (10 ug/ml). The next day, cells were chilled, harvested, 
and kept cold during subsequent washes and incubations. For flow microfluoremetry, cells were 
stained with no antibody or anti-transfemn receptor antibody RL34-14 hybridoma supernatant, 
followed by fluorescein labeled anti-rat immunoglobulin. Dotted lines in each panel indicate control 
cells (cultured in the absence of antibody) stained with RL34-14 anti- transferrin receptor (positive 
control). (A) Control cells stained with fluorescein anti-rat Ig only (negative control); (2?) cells cultured 
overnight in intact RI7 208 IgM antibody; (O cells cultured overnight in intact RI7 217 IgG antibody; 
(£>) cells cultured overnight in monovalent RI7 217-Fab. Cells in (B), (O and (D) were restained with 
RL34-14 before addition of fluorescein-labeled anti-rat Ig (heavy and light chain poly-specific). The 
geometric mean fluorescence of the background stained population (A) was set at 1.0 units. Relative 
to this background, the fluorescence of the positive population (dotted insert) was 42.9 units; of (O, 
13.6 units; of (D), 35.0 units. The cells in (B) were too heterogeneous for such a measure to be 
meaningful. 



intact RI7 208 antibody caused 96% inhibition of cell growth (in three experi- 
ments 95 to 98% inhibition) at Day 4. The IgG 2a antibody RI7 217 reduced cell 
growth by about 55% at 4 days (40 to 60% in three experiments). Growth of cells 
cultured in monovalent Fab from RI7 208 was equal to controls on the absence of 
antibody. Flow cytometric analysis of the cells cultured in the RI7 208 Fab 
antibody using a flourescent polyspecific anti-rat Ig showed the presence of the 
Fab on the cell surface (not shown). 

In Fig. 3 J?, AKR1 cells were cultured 3 days in the presence of divalent RI7 208 
F(ab') 2 and monovalent RI7 217 Fab, as well as in intact RI7 208 and RI7 217. 
Only the multivalent RI7 208 antibody inhibited cell growth significantly (>90% 
inhibition). Intact RI7 217 again reduced cell growth to about 50% of the control 
value at 3 days. 

Modulation of Cell-Surface Receptor by Anti-Transferrin Receptor Antibodies 

To study the cell-surface expression of transferrin receptor, AKR1 cells cul- 
tured in the presence of antibodies and fragments of different valences were 
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Fig. 5. Redistribution of cell-surface transferrin receptor in the presence of RI7 208 antibody 
fragments AKR1 cells were cultured as described in Fig. 4 in the presence of (A) monovalent RI7 208- 
Fab (30 ug/ml) or (B) divalent RI7 208-F(ab') 2 (10 ug/ml), and stained with RL34-14 IgG anti- 
transferrin receptor supernatant and fluorescein anti-rat Ig (polyspecific) as described m Fig. 4. The 
dotted line in each panel indicates control cells (cultured without added antibody) stained with RL34- 
14 anti-transferrin receptor (geometric mean fluorescence of 21 .2 unites, relative to unstained cells set 
at 1.0 units).The relative fluorescence of (A) was 17.0 units; of (B) 3.9 units. 



stained with anti-receptor antibody and fluoresceinated anti-rat immunoglobulin 
i (polyspecific), and analyzed by flow microfluorimetry. 

Figure 4 shows the levels of transferrin receptor observed on control cells 
(dotted insert) and cells cultured overnight in RI7 217 (Fig. AC), RI7 208 (Fig. 
45), and monovalent RI7 217-Fab (Fig. AD) relative to background staining with 
fluorescent anti-Ig alone (Fig. AA). As we observed previously [19], overnight 
culture in RI7 208 (Fig. AB) results in extremely variable levels of transferrin 
receptor on AKR1 cells. While some cells have reduced their receptor to the level 
of background staining, most still express receptor at varying levels, some at 
higher then control levels (also see [19]). Culture in RI7 217 (Fig. AC), however, 
| results in a uniform down-regulation of cell-surface receptor (three to fourfold in 
| this experiment) when compared to receptor expression in cells cultured without 
* added antibody (dotted curve). In contrast to the down-regulation seen with 
intact antibody, cells cultured overnight in monovalent RI7 217-Fab show little 
change in cell-surface receptor expression. Similar results were seen after culture 
for 2 days in these antibody preparations: down-regulation in intact RI7 217, no 
change in RI7 217-Fab, variable expression in RI7 208. 
, Figure 5 shows another experiment in which AKR1 cells were cultured over- 
j night in monovalent Fab and diavalent, F(ab') 2 fragments of RI7 208 antibody. 

Culture in RI7 208-Fab (Fig. 5 A) had little effect on levels of transferrin receptor 
) expression while divalent F(ab')2 caused uniform fivefold down-regulation of cell- 
I surface receptor. In the same experiment, culture in intact RI7 217 antibody 
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Fig 6 Degradation of ceU-surface iodinated transferrin receptor in the presence of anti-receptor 
antibody AKR1 cells were '"i-surface labeled with lactoperoxidase. Equal aliquots of labeled celh 
were cultured in medium only (Control), in intact RI7 217 IgG antibody (10 (xg/ml), in monovalent Fab 
fragment of RI7 217 (20 ug/ml) or in divalent F(ab') 2 RI7 208 (10 ug/ml) for the indicated times 0 time 
cultures were exposed to antibody at 4°C and harvested without warming to 37 C. H^ted cells 
were solubilized in 1 % Nonidet-P40 and the membranes were immunoprecipitated with RI7 208 IgM 
antibody and polyspecific anti-rat immunoglobulin. Equal aliquots of the precipitates were loaded on 
10% SDS-polyacrylamide gels for electrophoresis. 

resulted in a seven- to eightfold down-regulation. Again, the results after 2 days 
in culture with the antibody preparations were similar to those seen at 1 day. 

Degradation of Cell-Surface Receptor in the Presence of Intact 
RI7 217 and Fab 

We have previously shown that down-regulation of cell-surface receptor during 
culture in RI7 217 antibody is accompanied by an increase in the rate of degrada- 
toin of surface receptors labeled with 125 I by lactoperoxidase [19]. Figure 6 shows 
this accelerated degradation upon culture in intact RI7 217 but not in ceUs 
cultured in the presence of the monovalent fragment of RI7 217 antibody or in the 
presence of divalent F(ab') 2 from RI7 208. The latter result was unexpected, as 
we predicted that the divalent F(ab') 2 would mimic the effects of intact RI7 217. 
Also, no increase in degradation was seen in cultures in the presence of monova- 
lent Fab from RI7 208 (not shown) or intact RI7 208 (Ref. [19]). 
Distibution of Transferrin Receptors in Cells Fixed at Steady State 

Figure 7 demonstrates the normal steady-state distribution of transferrin recep- 
tors in AKR1 hybridoma ceUs. Untreated cells were fixed and permeabilized, and 
transferrin receptors were visualized using RI7 217 antibody and fluorescem- 
conjugated anti-rat Ig. As expected from our previous studies on transferrin 
receptor distribution in a plasmacytoma ceU line [13], cells labeled with intact Rl/ 
217 (IgG) developed a finely punctate surface label as well as a single large 
juxtanuclear spot (Fig. la). Background staining with fluorescein anti-rat Ig is 
shown in Fig. lb. 




Fig. 7. Indirect immunofluorescence localization of transferrin receptors in cultured AKR1 cells 
(steady state). Fixed, untreated cells were permeabilized and incubated with (a) intact IgG RI7 217 or 
(b) buffer only, followed by fluorescein-conjugated rabbit anti-rat Ig. Bar, 20 \iM. 



Comparison of the Distribution of Bound Transferrin Receptor 
Antibodies and Fragments after Uptake at 37°C 

In order to follow the intracellular fate of transferrin receptors which have 
bound antibody at the cell surface, we carried out a series of experiments in 
which cells were incubated in the presence of antibodies or antibody fragments at 
37°C for 5-60 min followed by fixation and immunolocalization of the bound 
reagent. Cells incubated with divalent RI7 217 IgG (Figs. 8<s-c), monovalent Fab 
fragments derived from RI7 217 (Figs. %d-f) 9 or divalent F(ab') 2 fragments 
derived from RI7 208 (Figs. 9 d-f) all yielded similar results. After 5, 30, or 60 min 
of incubation at 37°C in the presence of the antibody, a significant proportion of 
the antibody had been internalized into a single juxtanuclear spot. 

However, there were subtle differences in the plasma membrane labeling 
obtained with each antibody preparation. After 5 min of incubation, the intact RI7 
217 IgG displayed a finely punctate pattern along the plasma membrane which 
after 30 or 60 min became somewhat granular (suggesting aggregation of recep- 
tors) and was much less intense (possibly demonstrating a down-regulation of the 
number of surface receptors) (Figs. 8a-c). The divalent F(ab')2 fragment of RI7 
208 IgM displayed a similar pattern on the plasma membrane, except it was 
granular after only 5 min and did not noticeably decrease in intensity at 30 and 60 
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Fig 8. Immunofluorescence localization of RI7 217 IgG and its Fab fragment. AKR1 ccUs were 
cukured in intact anti-transferrin receptor antibody R17 217 (a, b. O and monovalent Fab hf^t 
RI7 217 W e f) at 37°C for 5 min {a, d), 30 min (b,e) or 60 min (c. J), and then fixed, Penneabthzed, 
and mcubated with fluoresceinated rabbit anti-rat Ig to visualize the distribution of bound ant.bod.es 
feS case greater than 95% of the cells observed had internalized the ant.-transfemn recepto 
anS probeTnto a single juxtanuclear spot. Bound antibodies were also observed ,n punctate 
distribution along the cell surface. Bar, 20 uM. 



min (Figs. 9d-f). The monovalent Fab fragments of RI7 217 displayed a finely 
punctate plasma membrane pattern at aU times (Figs. %d-j). At 0 time, all the 
reagents were found only at the cell surface in a finely punctate pattern (not 

shown). , . 

In contrast, cells incubated with intact RI7 208 IgM appeared very different 
(Figs 9a-c) After 5 min at 37°C the bound antibody was distributed in a coarse 
granular pattern around the cell periphery. After 30 min the antibody appeared to 
be sequestered into a single large patch or cap on the cell surface. After 60 mm 
most of the cells still looked the same as after 30 min but approximately: 10% 
appeared to have lost their caps and displayed no apparent binding of RI7 208 At 
no point was there any evidence that RI7 208 was internalized by AKR1 cells. 

In order to verify and extend these observations to the electron microscopic 
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Fig 9 Immunofluorescence localization of RI7 208 IgM antibody and its divalent F(ab') 2 fragment. 
Cells were incubated with either intact RI7 208 IgM (a, b, c) or F(ab') 2 fragments of RI7 208 (d, e,flat 
37°C for 5 min (a, d), 30 min (b, e), or 60 min (c,f) and than fixed, permeabilized, and incubated with 
FITC rabbit anti-rat Ig to visualize the distribution of bound antibody. After 5 min at 37°C in the 
presence of intact RI7 208, the antibody was observed bound along the cell surface in a coarse 
granular pattern that was uniformly distributed around the cell perihpery (a). After 30 min at 37"C the 
bound IgM appeared to be sequestered into a single large patch or cap on the cell surface (b). After 60 
min at 37°C the caps appeared to be somewhat smaller and approximately 20% of the cells appeared 
to have lost their caps (c). At no time was there any suggestion that the bound antibody was 
internalized into the cells. In contrast, after 5 min at 37°C in the presence of divalent F(ab ) 2 
fragments, the antibody probe was observed in a finely punctate distribution around the cell periphery 
and also on a single intracellular juxtanuclear spot (d). Very similar patterns of antibody distnbution 
were observed in cells fixed after 30 min (e) or 60 min (/) of incubation in the presence of F(ab ) 2 
fragments. Bar, 20 uJVf. 



level, the distribution of prebound RI7 217 or RI7 208 was observed using an 
immunoperoxidase technique (Fig. 10). In cells incubated in the presence of RI7 
217 (Fig. 10 A) for 60 min prior to fixation, immunoreactive RI7 217 was observed 
in coated pits along the plasma membrane and in intracellular enclosed structures 
which were found in both the peripheral cytoplasm and associated with the Golgi 
\ apparatus, but not within stacked Golgi cisteraae. In contrast, cells incubated in 
the presence of RI7 208 for 60 min (Fig. 10 B) prior to fixation displayed immuno- 
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reactive antibody only along the plasma membrane. These immunoreactiye anti- 
bodies were not restricted to coated pits as was the case .with RI7 217, but 
aopeared to cover entire stretches of the plasma membrane up to several hundred 
nanometers in length. Also in contrast to RI7 217, RI7 208 was only very rarely 
observed to be internalized into any intracellular structures. 

DISCUSSION 

The aim of these studies has been to investigate the role of receptor crosslink- 
ing in the effects of anti-transferrin receptor antibodies detected on cells in vitro. 
Anti-transferrin receptor antibodies have been shown to alter ceU-surface expres- 
sion of receptor, receptor degradation, and cell growth and survival [6, 14-25]. 
The dramatic effects of multivalent anti-transferrin receptor antibodies on growth 
rate and cloning efficiency [15, 16, 18, 19, 22, 23] suggested that cros slinking may 
be involved in these inhibitory effects. This idea was further supported by 
findings that growth inhibiting antibodies did not compete for the transferrin 
binding site and that noninhibitory IgG antibodies could be made growth inhibi- 
tory by crosslinking with anti-immunoglobulin [19, 23]. 

Mutant lymphoma lines, selected for the ability to grow unimpaired in RI7 208 
(IgM) antibody [18, 34], provide further support for the idea that extensive 
antibody crosslinking of receptors is a key factor in growth inhibition. These cells 
have RI7 208 binding sites on only half of their transferrin receptors. The other 
half lack the RI7 208 binding determinant, probably due to a mutation in one ot 
their transferrin receptor gene copies [18, 34]. When mutant AKR1 cells bind 
multivalent IgM antibody, antibody-bearing receptors are internalized and as- 
sume an intracellular distribution indistinguishable from that of untreated recep- 
tors (J. Woods, unpublished immunolocalization studies), and cell-surface precep- 
tor expression is decreased [19]. Their escape from growth inhibition by RI7 2U8 
antibody and their ability to internalize and down-regulate antibody-bound recep- 
tors appears to result from a reduction in crosslinking at the cell surface 119J. 

Though receptor crosslinking is often implicated in changes m surface expres- 
sion and alterations in internal processing of receptors, it has not been studied 
systematically. Down-regulation of cell-surface receptors by exposure to anti- 
receptor antibodies has been observed in several systems, including receptors tor 
insulin [38-41] epidermal growth factor [42], and antigen receptor on B cells (cell- 
surface Ig) [43]. Mellman et al. [44, 45] noted that down-regulation of macrophage 

Fig. 10. Immunoperoxidase localization of RI7 217 IgG ^M™}*'™'^™^ 
after 60 min incubation at 37«C in the presence of the antibody. (A The RI7 J 17 antibody 
Presumably bound to transferrin receptors, is present in coated pits (cp) (inset) ^^asma 
membrane (pm), and intracellular^ in endosomal structures, some of which have ^J*™* 1 ™ 
(arrows). (B), The RI7 208 antibody apparently causes the transferrin receptors to aggrega e into 
Patches along the plasma membrane (arrows). No RI7 208 antibody could be detected in any 
intracellular structures. In addition, the cytoplasm of cells incubated with RI7 208 . f « ™* 
more sparse than in control cells or in cells incubated with RI7 217. There was ^ h "s endoplasm^ 
reticulum (er) and the Golgi complex (go) was much less well organized, nu, nucleus, m, mitocnon 
dria. Bars, 200 \>M. 
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immunoglobulin Fc receptors upon interaction with polyvalent Ig containing 
complexes leads to increased receptor degradation in lysosomes.They suggested 
that crosslinking was important for this lysomal pathway because receptors with 
bound monovalent Fab anti-receptor antibody were recycled directly from endo- 
somes, without entry into a lysomal compartment. Enns et al. [10] have suggest- 
ed that crosslinking might be involved in induction of internalization of transfer- 
rin receptors. 

By making fragments of anti-transferrin receptor antibodies we could study the 
effects of differences in antibody valence independently of possible differences 
between antibodies in binding site specificity. The two antibodies used here bind 
to different determinants of the transferrin receptor but can still cross-block each 
other's binding, indicating that the determinants are in close proximity [18, 34]. 
Cells exposed to antibodies and fragments were always grown in serum-con- 
taining medium, so that receptor levels were not influenced by changes in 
external iron or transferrin. 

In this study, we found that culture in monovalent antibody fragments from 
either the IgM or the IgG antibody did not significantly affect cell growth (Fig. 3), 
surface receptor expression (Figs. 4 and 5), or receptor degradation (Fig. 6). 
Divalent antibody, either intact IgG 2a or divalent F(ab') 2 from IgM, caused a 
uniform down-regulation of cell-surface expression of all cells on short-term 
culture (Figs. 4 and 5), possibly by increasing the rate of internalization, but there 
were differences in other results between F(ab') 2 and intact IgG. The decrease in 
cell-surface receptors upon culture in F(ab') 2 was not accompanied by a detect- 
able increase in receptor degradation rate (Fig. 6) or a retardation in cell growth 
(Fig. 3), which were consistently seen with intact IgG (RI7 217). This observation 
may suggest distinct mechanisms for increased receptor internalization (perhaps 
mediated by crosslinking) and increased receptor degradation (perhaps involving 
antibody Fc). Culture in IgM antibody completely inhibited cell growth (Fig. 3) 
and caused a redistribution of surface receptor that resulted in heterogenous 
levels of expression in the population with some cells appearing negative for 
receptor while most expressed receptor in varying amounts (Fig. 4 and Ref. [19]). 
The mechanism and significance of this heterogeneous expression are not under- 
stood (see also Ref. [19]). 

Immunolocalization of receptor by anti-transferrin receptor antibody and fluo- 
rescein-labeled anti-Ig in fixed, steady-state AKR1 cells detected receptor dis- 
persed on the cell surface and in a juxtanuclear, Golgi region in agreement with 
the transferrin receptor distribution seen in previous results using a myeloma cell 
line [13]. Culture in monovalent or divalent antibody fragments or intact IgG, 
followed by fixation and visualization with labeled anti-Ig, detected antibody in 
the same locations as receptor in steady-state cells. This suggests that the IgG 
antibody and antibody fragments followed the normal pathways of receptor 
distribution. Culture in IgM antibody showed a very different pattern of antibody 
distribution on immunolocalization. IgM antibody accumulated in patches and 
caps on the cell surface, with no antibody detectable intracellular^. This suggests 
that IgM antibody, probably due to extensive crosslinking on the cell surface, 
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prevents internalization of the receptor. The Mure of AKR1 cells to internalize 
fl-complexed receptor is consistent with our previous failure to detect an 
nteaseTn receptor degradation in the presence of RI7 208 [19] . The appearance 
ofTout 20% of cells as antibody negative in RI7 208 is consistent with the flow 
cytometric measurements. It is not clear how these cells become negative, since, 
no evidence of internalization of the antibody has been seen 

Immunolocalization did not detect a shift in intracellular distribution, which 
would be implied by increased degradation of receptors, in response to intact 
IgG. Weissman et al. [24] have pointed out that large changes in receptor 
degradation rate (receptor half-life) can be accomplished by quite smaU changes 
in recycling efficiency due to the rapid rate of receptor cycling (they estimate 2 5 
min in K562 cells). Thus, the increase in receptor degradation seen upon culture 
in RI7 217 (IgG) may result from the shift of a relatively small proportion per 
cycle of the transferrin receptors to a degratory pathway without a visualizable 
change in total receptor distribution. 

Mellman et al. [45] have shown that a monovalent Fab with speaficity for 
macrophage Fc receptors is internalized into endosomes and recycled to the cell 
surface with little degradation. Our data suggest, also, that monovalent Fab anti- 
transferrin receptor follows the normal pathway of transferrin receptor cycling 
without perturbing that pathway. Divalent F(ab% however, induces a down- 
regulation of surface transferrin receptor. Since no antibody Fc is present and 
since binding of monovalent Fab alone does not have ^^\"^Z 
presumably results from the crosslinking of receptors. We could not de ect any 
increase in receptor degradation upon culture in F(ab% suggesting that the 
decrease in cell surface expression may be a shift of receptors 
surface and intracellular compartments. (Unfortunately, we have ^en unable to 
quantitate intracellular vs surface compartments because the lymphomas we have 
studied are lysed by treatments normally used to strip the cell ^ 
proteolysis) [10-12, 23].) Another possible mechanism of reducing surface recep- 
tor without increased degradation is suggested by results of Rao et al. [46]. They 
observed about 50% reduction in surface transferrin receptors over 18 h in 
response to added iron. This reduction resulted from a decrease in receptor 
synthesis, detectable by 4 h, without any increase in degradation or change in 
receptor distribution between surface and intracellular locations. We have ob- 
served a similar down-regulation of surface receptors with out an increase m 
receptor degradation in AKR1 cells upon addition of iron (unpublished results). 
Intact IgG antibody RI7 217, however, clearly does accelerate receptor deg grada- 
tion (Fig. 6 and Ref. [19]), presumably by diversion of some proportion ^ of 
receptors each cycle to a lysosomal compartment [24 44]. Weissman et al. [2A] 
also observed a decrease in metabolically labeled [»S]-methionine transfer™ 
receptor half-life in K562 cells cultured in OKT9 (IgG anti-transfernn ^ptor^ 
Further, they noted an increase in the rate of receptor synthesis, which modulated 

the loss of receptors. „ ra/>onMr 

Antibody-induced down-regulation of receptors reduces cell-surface recepto 
levels and would, therefore, be expected to reduce the cells' receptor-dependent 
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functions. Treatment of K562 cells with OKT9 (an IgG anti-human transferrin 
receptor reduced iron uptake in the studies of Werssman ,r ^ [24]. This 
meXn sm may account for the moderate reduction in growth of AKR1 cells ,„ 
The presence of intact RI7 217 seen in our studies. Damage to cells resulting from 
such a reduction in receptors will, of course, vary depending on part.cu.ar cells' 
eouirements for iron and on the extent of the down-shift. This probably accounts 
for thetohibition seen in some systems by IgG anti-transfemn receptor antibod- 
e U6 21 25]. But the receptors remaining following down-regulation appear to 
unctfon normaUy. This is suggested by our own results (growth continues, 
S eScienc/is unaffected [19], and, in the ^^^wS^S 
tion is normal) and those of Weissman el al. M °™ 'f^ 

receptors continue to cycle and mediate iron uptake and of Taetle el al. IZiJ 
where B3/25 (IgG)-bound receptors continue to internalize transferror. 

aSu ceUs treated with lgM (RI7 208) anti-transfemn receptor antibody fa 1 to 
take ^ a " 18] and stop growing [14, 18, 19] (Fig. 3). Immunolocalization 
take up iron U«, J v , h , receptors with bound IgM are not 

expenments presented he « ^< » ^4 by the IgA an.i- 

STIS sf«or^tLy $ 6 do not 

why extreme crosslinking prevents intemahzation is unclear. O hers have ob 
served down-regulation of receptors by IgM antibodies [17, 22] but it is not 
known whether *is down-regulation was the result of in.ernahzauon of ant body^ 
Z sid es presented here demonstrate that effects of antibody binding on 
tt l«lT"Zlr distribution, metabolism, and function depend, at least in 
oa^ rant body valence and therefore, inferential^, on the degree of crosstak- 
? r^l n .orI bv antibody We show two distinct mechanisms by which 

retl down-regulation and by blocking internalization. Crosslinking atone can 
cUarly Muence the distribution of receptors between 

vTbe tela S U the regulation of normal cycling pathways, they suggest mechan- 
sm h"be involved in such regulation. <*^£g££Z% 
proposed as a mechanism of activation of down-regulation for F ««P^ ° 
macrophages [43] and for internalization of transfemn receptors [10 47]. Further 
SfeSTb! needed to understand how extensive crosshnkmg of rece s by 
multivalent complexes can inhibit internalization and thus block cell recept 
function. 

■ . r „„ t rA 7 «o 3 f rom the National Cancer Institute. J. Woods is a 
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Four of 12 monoclonal antibodies (MoAbs) directed to 
different epitopes in the extracellular domain of the human 
colony-stimulating factor-1 receptor {CSF-1 R, the c-fms 
proto-oncogene product) specifically inhibit CSF-1 binding 
to receptor-bearing cells. Alt four antibodies abrogated 
CSF-1 -dependent colony formation by human bone mar- 
row-derived macrophage precursors and by mouse NIH- 
3T3 cells expressing a transduced human c-fms gene. In 
addition, one of these antibodies (designated MoAb 2-4A5) 
interfered with the ligand-independent proliferation of 

THE MACROPHAGE colony-stimulating factor (CSF- 
1 or M-CSF) is a lineage-restricted hematopoietic 
growth factor that stimulates the proliferation and supports 
the survival of cells of the mononuclear phagocyte series 
(reviewed in references 1 and 2). CSF-1 is a homodimeric 
glycoprotein that exerts its pleiotropic effects by binding to a 
single class of high affinity cell surface receptors expressed 
on monocytes, macrophages, and their committed bone mar- 
row progenitors. The CSF-1 receptor (CSF-1 R) is encoded 
by the c-fms proto-oncogene 3 and is one of a family of growth 
factor receptors that exhibits a ligand-activated tyrosine- 
specific protein kinase activity (reviewed in reference 4). The 
human receptor consists of a 512 amino acid extracellular 
domain that includes the CSF-1 binding site, a single 25 
amino acid membrane-spanning segment, and a 435 amino 
acid cytoplasmic portion that includes the tyrosine kinase 
domain. 5,6 Activation of the receptor kinase in cells stimu- 
lated by CSF-1 triggers a cascade of biochemical responses 
that eventually culminate in DNA synthesis and mitogene- 
sis. 2 - 7 

Introduction of retroviral vectors containing the cloned 
human c-fms cDNA into heterologous target cells results in 
CSF-1 R expression and enables the cells to form colonies in 
semisolid medium in response to human recombinant CSF- 
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NIH-3T3 cells transformed by an oncogenic, mutant c-fms 
allele. Unlike CSF-1 itself , -neither MoAb 2-4A5 nor the 
other three inhibitory antibodies (MoAbs 12-2D6, 12-3A1, 
and 12-3A3) induced CSF-1 R internalization or degrada- 
tion. These antibodies should prove useful not only for 
identifying and quantitating CSF-1 R on receptor-bearing 
cells but for abrogating specific receptor signals that 
govern the proliferation and survival of human mononu- 
clear phagocytes. 
© 1989 by Grune & Stratton, Inc. 

I. 8 By inoculating v-ras transformed rat cells expressing 
transduced human CSF-1 receptors into newborn rats and 
fusing the spleens from tumor-bearing animals to rat 
myeloma cells, we obtained a series of monoclonal antibodies 
(MoAbs) reactive with different epitopes in the extracellular 
domain of the human CSF-1 receptor. 9,10 These MoAbs 
specifically immunoprecipitate metabolically labeled human 
(but not mouse or feline) CSF-1 R molecules and support 
receptor tyrosine kinase activity in in vitro reactions per- 
formed with immune complexes. The antibodies have been 
successfully used to quantify CSF-1 R expression on human 
peripheral blood monocytes, bone marrow mononuclear pha- 
gocyte precursors, and on malignant blast cells from a subset 
of patients with myeloid leukemia by use of fluorescence- 
activated flow cytometry. 10 The MoAbs are also useful for 
purifying human mononuclear phagocytes by antibody- 
dependent cell sorting techniques. 

To determine whether any of these MoAbs have biological 
activity, either as direct activators of the CSF-1R kinase or 
as inhibitors of CSF-1 binding to its receptor, we screened 12 
purified monoclonal immunoglobulin G (IgG) preparations 
for their ability to enhance or inhibit the CSF-1 -dependent 
growth of mouse NIH-3T3 cells expressing human CSF-1 R. 
None of the MoAbs acted as agonists in mimicking CSF-1 
stimulation, but four antibodies inhibited the CSF-1 depen- 
dent growth of receptor-bearing cells. We show that these 
four MoAbs bind with high affinity to human CSF-1 R, and 
at nanomolar concentrations, block CSF-1 binding to its 
receptor and specifically inhibit CSF-1 dependent colony 
formation. One of the MoAbs has the additional property of 
being able to inhibit the ligand-independent proliferation of 
cells transformed by an oncogenic, mutant human c-fms 
allele. 

MATERIALS AND METHODS 

MoAbs reactive to the human CSF-1 receptor. The preparation 
of rat MoAbs to human CSF-1 R has been described in detail 
elsewhere. 10 In brief, transformed normal rat kidney (NRK) cells 
expressing a transduced -human c-fms gene were inoculated into 
newborn Sprague-Dawley or Lewis rats, and spleens resected from 
animals mounting an immune response to human CSF-1 R were 
fused to rat myeloma cells. Twelve individual hybridomas producing 
monoclonal IgG directed to human CSF-1 R were cloned at limiting 
dilution in microliter wells and then recloned from single colonies in 
semisolid medium. All hybridoma cell lines were adapted to serum- 
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free medium, enabling purification of IgGs to homogeneity by 
conventional biochemical methods. MoAbs tested for growth inhibi- 
tory properties included the following 12 previously designated 
clones 10 : 2-4A5-4, 7-7A3-17, 9-2A1-2B5, 9-4D2-IE4, I4-1C1-2D10 
(all 7I); 10-4B2-2E4, 12-2D6-2C7, 12-3A1-2B8, 12-3A3-1B10, 
12-3D3-2FU (all 72a); 3-4A4-E4 (72b); and 12-6A4-2B6 (72c). 
For simplicity, the nomenclature for MoAbs in the text has been 
abbreviated to include only the first four or five characters (eg, 
2-4A5, 12-2D6,etc). 

Colony-stimulating assays with c-fms transfected NIH-3T3 cell 
tines. Procedures for transfection of mouse NIH-3T3 cells with 
vectors expressing cloned human c-fms and CSF-l cDNAs, for 
deriving cell lines expressing these gene products, and for subcloning 
the cells in agar have been described in detail elsewhere. 8,11 All 
cloning experiments were performed using Iscove's modification of 
Dulbecco's medium containing 10% heat-inactivated fetal bovine 
serum (FBS), antibiotics, excess glutamine, and purified human 
recombinant CSF-1 where indicated. NIH-3T3 cells expressing the 
normal c-fms allele do not form colonies in semisolid medium in the 
absence of human CSF-1 but yield colonies in response to physio- 
logic doses (10 pmoI/L to 1 nmol/L) of the human recombinant 
growth factor. 8 Assays for colony formation with these cells rou- 
tinely used a concentration of CSF-1 (5 nmol/L ) in excess of that 
required for maximal colony forming efficiency. Under these condi- 
tions, approximately 30% of 10 4 cells plated per 60 mm culture dish 
form colonies containing more than 50 cells within 2 weeks of 
initiating the cultures. 

Tumorigenic NIH-3T3 cells transformed by an "activated" 
human c-fms gene 11 or by the feline v-fms oncogene 12 form colonies 
in agar in the absence of CSF-1. We used NIH-3T3 cells trans- 
formed by a c-fms double mutant containing an activating mutation 
in its extracellular domain (substitution of serine for leucine 301) 
together with a complementing up-regulating mutation in its carbox- 
ylterminal tail (substitution of phenylalanine for tyrosine 969). 11 
The feline v-fms oncogene carries analogous genetic alterations. 13 
Both transformed cell lines form colonies at approximately 20% 
plating efficiency, and the number of colonies is increased approxi- 
mately twofold by an excess of human CSF-1. 9,1 NIH-3T3 cells 
cotransfected with retroviral vectors containing both the human 
c-fms and human CSF-1 genes undergo transformation by an 
autocrine mechanism and also form colonies in agar in the absence of 
exogenous ligand. 814 

Colony-stimulating assays with human bone marrow cells. Af- 
ter appropriate informed consent was obtained, bone marrow from 
the iliac crest of healthy adult volunteers was aspirated into preser- 
vative-free heparin. Light density cells were purified by Ficoll- 
Hypaque gradient centrifugation (Pharmacia Laboratory, Piscat- 
away, NJ), 10 and the mononuclear cell fraction was washed three 
times and suspended in Iscove's modified Dulbecco's medium (Irvine 
Scientific, Santa Ana, CA) containing 20% FBS (Irvine Scientific, 
screened lot). The cells were then allowed to adhere to plastic for two 
hours in a humidified incubator at 37°C with 8% C0 2 in air. The 
resultant light density nonadherent cells were plated in 24-well 
culture plates (Becton Dickinson, Lincoln Park, NJ) in Iscove's 
medium containing 20% FBS, 1 mmol/L L-glutamine, and 0.37% 
Bacto-Agar (Difco Laboratories, Detroit). Human recombinant 
CSF-1 was added directly to the' wells*, the agar cell suspension was 
mixed with the growth factor to give a final volume of 0.5 mL, and 
the mixture was allowed to cool and solidify in the well. Colonies 
defined as a cluster of more than 40 cells were counted using an 
inverted microscope 14 days later. 

Competitive radioreceptor assay. Purified human recombinant 
CSF-1 produced by mammalian CHO cells (courtesy of Dr Steven 
Clark, Genetics Institute, Cambridge, MA) was radioiodinated to a 
specific activity of 1.2 x 10 s cpm/jig 1 and tested for its ability to 
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bind to NIH-3T3 cells expressing human CSF-1 R. All steps were 
performed at 4°C to avoid ligand-induced internalization and degra- 
dation of receptors (downmodulation). 14,13 Cells seeded at 5 x 10 4 
per well in 96-well microtiter plates were allowed to attach over- 
night, and were incubated in triplicate with increasing concentra- 
tions of 125 I-labeled CSF-1 in 0.1 mL of RPMI 1640 medium 
containing 10% heat-inactivated fetal calf serum and 10 mmol/L 
HEPES, pH 7.4, for 18 hours. After binding, the supernatants were 
collected, and the cells were washed three times with complete 
medium and lysed in phosphate-buffered normal saline containing 
0.5% Nonidet P-40. Radioactivity in the supernatant and that bound 
to cells was determined in a gamma counter. Nonspecific binding 
determined in the presence of a 20-fold excess concentration of 
unlabeled human CSF-1 was <3% of the total bound radioactivity 
determined in the absence of competitor, even at l23 I-labeled CSF-1 
concentrations as high as 500 pmol/L. These background levels were 
subtracted from the total bound cpm to calculate levels of specific 
binding. Apparent dissociation constants (K D ) were calculated by 
the method of Scatchard. 16 This approach may underestimate the 
actual binding affinity and generally renders values higher than 
those determined kinetically. 15 Competitive displacement assays 
were performed with the same preparation of radiolabeled ligand, 
using concentrations that occupied 50% of the total binding sites per 
well. Cells were preincubated for 60 minutes at 4°C with various 
concentrations of unlabeled human recombinant CSF-1 or with 
purified monoclonal IgGs before addition of the labeled growth 
factor. All subsequent steps were performed as described above. 

Assays using identical methods to determine the K[,s for binding 
of 123 I-labeled monoclonal IgGs to CSF-1 R on the same cells were 
unsuccessful. MoAbs radioiodinated by the same protocol showed 
high levels of nonspecific binding, so that binding sites on receptor- 
positive NIH-3T3 cells could not be saturated using practical 
concentrations of l2i I-labeled antibodies. The apparent relative 
affinities of the MoAbs for receptor epitopes were therefore deduced 
from their ability to compete with radiolabeled ligand for binding 
sites, as compared with results obtained with unlabeled CSF-1. 

Other analytical methods. Techniques for fluorescence-acti- 
vated flow cytometry, 10 metabolic labeling with [ 35 S] methionine, 
preparation of cell lysates, immunoprecipitation, and electrophoresis 
of proteins in gels containing sodium dodecyl sulfate 17 were per- 
formed as described in the references cited. 

RESULTS 

Antibody-mediated inhibition of CSF-I induced colony 
formation. To screen individual MoAbs for their ability to 
inhibit CSF-1 -dependent cell proliferation, mouse NIH-3T3 
cells expressing human CSF-1 R were seeded in semisolid 
medium containing human recombinant CSF-1 (10,000 U/ 
mL or ca. 5 x 10" 9 mol/L) together with various concentra- 
tions of purified monoclonal IgGs. NIH-3T3 cells expressing 
the human c-fms gene are not morphologically transformed 
and do not form colonies in semisolid medium in the absence / 
of human CSF-1. 8 Recombinant CSF-1, added at a concen- 
tration approximately fivefold in excess of that required to 
promote a maximal proliferative response in the assay, 
induced the formation of approximately 3,000 colonies per 
culture dish, representing approximately 30% of the total 
cells plated. 

In the absence of CSF-1 , none of the 1 2 monoclonal IgGs 
reactive to human CSF-1 R stimulated colony formation at 
concentrations between 10~ 10 mol/L and 10" 6 mol/L, indi- 
cating that none could act as receptor agonists. However, 
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Log Concentration of IgG (M) 

Fig 1. Antibody-mediated inhibition of colony formation by 
NIH-3T3 cells expressing human CSF-1R. Cells OoVdish) were 
seeded in 0.3% Noble agar in complete medium containing 10,000 
U/mL human recombinant CSF-1 together with purified MoAbs at 
the indicated concentrations. Approximately 3.000 colonies per 
dish were obtained in the absence of antibodies. Symbols: MoAb 
2-4A5 (A); MoAb 12-2D6 (A); MoAb 12-3A3 (■); MoAb 12-3A1 
(□); MoAb 7-7 A3 (O); and MoAb 10-4B2 (x). 

four of the MoAbs (2-4A5, 12-2D6, 12-3A1, and 12-3 A3) 
inhibited CSF-1 -dependent colony formation (Fig 1). The 
concentration yielding 50% inhibition (ID 50 ) of colony for- 
mation for three of the antibodies (12-2D6, 12-3A1, and 
12-3 A3) was 2 x 10" 9 mol/L, whereas MoAb 2-4A5 was 
somewhat less effective and had an ID50 of 8 x 10" 9 mol/L. 
The remaining eight antireceptor MoAbs showed no inhibi- 
tory activity; representative results with two of the latter 
antibodies (an isotype-matched 72a and 7I) are also shown 
in Fig 1 . 

Although this experimental system is as sensitive as any 



CSF-1 bioassay, 2 mesenchymal cell lines such as mouse 
NIH-3T3 cells do not normally express endogenous CSF-1R 
nor respond to the growth factor. To generalize the results to 
a physiologically relevant system, we therefore tested the 
ability of these MoAbs to inhibit macrophage colony forma- 
tion from human bone marrow progenitor cells. When non- 
adherent human bone marrow cells were plated at densities 
between 2 and 4 x 10 5 cells/mL in semisolid medium in the 
presence of increasing concentrations of human recombinant 
CSF-1 , the maximal response was obtained with 1 nmol/L of 
the growth factor (Fig 2A). At 14 days after plating, the 
colonies contained large, dispersed cells consisting of pure 
nonspecific esterase-positive macrophages. In repeated 
experiments, some stimulation of macrophage colony forma- 
tion was routinely observed at CSF-1 concentration as low as 
50 pmol/L. Paradoxically, human CSF-1 has been reported 
to be significantly more active on mouse than on human bone 
marrow progenitors, stimulating fewer macrophage colonies 
from human bone marrow than that expected from titration 
of murine cells. 18 * 21 The frequency of macrophage colonies 
obtained using human bone marrow and the higher CSF-1 
dose response range (50 pmol/L to 1 nmol/L) as compared 
with results with mouse bone marrow progenitors (1 to 500 
pmol/L) 1 * 2 were in agreement with these earlier reports. 

In the presence of 100 pmol/L CSF-1, MoAbs 2-4A5, 
12-2D6, 12-3A1, and 12-3 A3 completely inhibited macro- 
phage colony formation at the lowest concentration of anti- 
body tested (6.5 x 10" 9 mol/L) (Fig 2B). In contrast, three 
other antireceptor MoAbs (9-4D2, 10-4B2, and 14-1C1) had 
no inhibitory or agonistic effects, even at threefold higher 
antibody concentration. Thus, antireceptor MoAbs that 
inhibited CSF-l-dependent proliferation of NIH-3T3 cells 
expressing human CSF-1 R also abrogated CSF-l-depen- 
dent macrophage colony formation by human bone marrow 
progenitor cells, whereas other antireceptor MoAbs had no 
activity in either experimental system. 

Inhibition of autocrine transformation by CSF-1. NIH- 
3T3 cells transformed by cotransfection with human CSF-1 
and c-fms genes form colonies in agar in the absence of 
exogenous CSF-1. 8 Neutralizing antibodies to the growth 
factor can abrogate colony formation by these autocrine 
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Fig 2. Antibody-mediated inhibition of colony 
formation by human bone marrow-derived macro- 
phages. (A) Dose response to CSF-1. The number 
of colonies per 2 x 10 s cells plated is shown at 
growth factor concentrations between 5 pmol/L 
and 2 nmol/L. (B) Inhibition of macrophage colony 
formation. Cultures of human bone marrow cells 
contained 2 x 10 B cells/ mL, 100 pmol/L recombi- 
nant CSF-1 and the MoAbs indicated. Bar graphs in 
A and B indicate averages from triplicate determi- 
nations in one of three representative experi- 
ments. 
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Table 1. Antibody-Mediated Inhibition of Colony Formation by 
Transformed Mouse NIH-3T3 Cells Expressing Both Human 
CSF-1 and CSF-1R 



Antibody Added 


Efficiency of .Colony Formation 
(% of Ceils Plated) 


None 


24.4 


2-4A5 


0.4 


12-2D6 


1.6 


12-3A1 


1.2 


12-3A3 


0.8 


7-7A3 


22.4 



Cells were plated in 0.3% Noble agar in the absence of CSF-1 . Purified 
monoclonal IgGs were added to the cultures at concentrations of 20 
HQ/ml (ca. 1.3 x 10" 7 mol/L). Colonies containing more than 40 cells 
were enumerated nine days after plating. 

transformants, but the proliferation of subclones producing 
relatively high concentrations of CSF-1 tends to be at least 
partially refractory to such inhibition. 14 Autocrine transfor- 
mants were also inhibited from forming colonies by antire- 
ceptor MoAbs 2-4A5, 12-2D6, 12-3A1, and 12-3A3. As 
shown in Table 1 , colony formation was arrested by >95% at 
antibody concentrations of 1.3 x 10 -7 mol/L, whereas a 
noninhibitory control antibody to CSF-1 R (MoAb 7-7 A3) 
had no effect on colony growth. The concentrations of 
monoclonal IgGs necessary to inhibit the frequency of colony 
formation of autocrine transformants by 95% were five- to 
tenfold higher than those required to inhibit colony forma- 
tion of receptor-bearing cells in response to high concentra- 
tions (5 nmol/L) of exogenously added CSF-1 (Fig 1). This 
shows that even though the probability of effective ligand- 
receptor interactions is maximized in cells that simulta- 
neously express the growth factor and its receptor, signal 
transduction can still be interrupted by exogenous antirecep- 
tor antibodies., 

MoAb 2-4 A5 inhibits the growth of cells transformed by a 
mutant c-fms allele. Critical structural mutations within 
the c-fms protooncogene can unmask its oncogenic potential 
by constitutively activating the CSF-1R kinase, thereby 
enabling it to transform cells in the absence of ligand. 8,11 * 13 
Substitution of serine for leucine at position 301 within the 
extracellular domain of human CSF-1 R is sufficient to 
activate c-fms transforming activity in mouse NIH-3T3 
cells. 11 Unlike cells expressing the normal CSF-1 receptor, 
NIH-3T3 cells expressing activated mutant CSF-1 receptors 
form colonies in agar in the absence of CSF-1. Although the 



activating mutation induces a conformational change that 
increases the receptor kinase activity in the absence of 
CSF- 1, the mutant receptor retains a high affinity ligand- 
binding site and can be further up-regulated by the growth 
factor. Additional genetic alterations at the receptor carbox- 
ylterminus (eg, substitution of phenylalanine for tyrosine 
969) can also up-regulate the receptor kinase activity, but 
the latter changes are themselves insufficient to confer 
transforming activity. 8 

To determine whether MoAbs directed against CSF-1 R 
might inhibit the growth of transformed cells expressing 
activated receptors, NIH-3T3 cells transformed by a mutant 
c-fms allele were seeded in semisolid medium together with 
individual MoAbs that were shown above to inhibit CSF- 

1 - induced proliferation (Table 2). As controls, cells express- 
ing the wild-type c-fms gene were unable to form colonies in 
agar in the absence of human recombinant CSF-1, but 
formed colonies at high plating efficiency when CSF-1 was 
added. Addition of MoAbs 12-2D6, 12-3AI, 12-3A3, and 

2- 4A5 at a concentration of 3.2 x 10" 8 mol/L completely 
inhibited CSF-1 -dependent colony formation. When trans- 
formed cells expressing the feline v-fms oncogene were 
plated in parallel, they formed colonies in both the absence or 
presence of CSF-1. The colony forming efficiency of y-fms 
transformants was enhanced 1.5- to twofold by the presence 
of the human recombinant growth factor that binds to the 
feline gene product with high affinity and further up- 
regulates its kinase activity. 911 As expected, no effect of the 
MoAbs on the latter cells was observed (Table 2), because 
the antibodies are species-restricted and do not react with the 
feline y-fms gene product. 9 ' 10 Thus, the MoAb IgG prepara- 
tions were not generally cytotoxic to transformed cells but 
specifically inhibited the CSF-1 -dependent growth of cells 
expressing human CSF- 1 R. 

When cells transformed by a human c-fms gene contain- 
ing both an activating (ser for leu 301) and a regulatory (phe 
for tyr 969) mutation were plated in agar, they also formed 
colonies in the absence of CSF-1 and their cloning efficiency 
was enhanced twofold by ligand addition. MoAbs 12-2D6, 
12-3AI, and 12-3 A3 did not inhibit the growth of these 
transformed cells in the absence of ligand, but reduced their 
plating efficiency in the presence of CSF-1 to the levels 
observed in medium lacking CSF-1 (Table 2). The latter 
effect was anticipated, based on the ability of the MoAbs to 
inhibit that component of the response that is CSF-1 depen- 
dent. In contrast, MoAb 2-4A5 significantly inhibited the 



Table 2. Antibody-Mediated Inhibition of Colony Formation by Mouse NIH-3T3 Cells Expressing Normal or "Activated" 

Human.CSF-1 Receptors - 



Efficiency of Colony Formation (% of Cells Plated) 



Cell Line 
Expressing 



—CSF-1 



+ CSF-1 



- MoAb «"*+ : 1 2-2D6 + 1 2-3A 1 + 1 2-3A3 + 2-4A5 



-MoAb 



+ 12-2D6 • +12-3A1 +12-3A3 + 2-4A5 



c-fms <0.01 <0.01 

y-fms 22 24 

c-rms[S301,F969] 18 25 



<0.01 
21 
23 



<0.01 
NT 
25 



<0.01 
27 
1.4 



31 
42 
37 



0.9 
34 
24 



0.4 
37 
20 



0.5 
NT 
23 



0.2 
36 
2.6 



Cel.s were plated in 0.3% Noble agar in the absence (-CSF-1) or presence (4- CSF-1) of 10.000 U/mL (ca. 5 x 10"' mol/L) hu~an^binM 
F-1. Purified MoAbs were added to the cultures at concentrations of 5 HQ/ml (ca. 3.2 x 10' 8 mol/L). Colonies containing >50 cells were 



CSF 

enumerated 14 to 18 days after plating. 
Abbreviation: NT, not tested. 
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growth of these transformed cells either in the presence or 
absence of CSF-1, reducing their colony forming efficiency 
to <3% of cells plated. From these data, we conclude that the 
mechanism of inhibition of cell growth mediated by MoAb 
2-4A5 differs from that of the other three inhibitory anti- 
bodies and does not depend on CSF-1. 

The four inhibitory MoAbs compete with CSF-J for 
receptor binding. To determine whether the growth inhibi- 
tory MoAbs interfere with ligand binding to its receptor, 
competitive radioreceptor assays were performed using 125 I- 
labeled human recombinant CSF-1. All assays were per- 
formed at 4°C to prevent ligand-induced receptor internal- 
ization and degradation. Under these conditions, the appar- 
ent K D determined by Scatchard analysis 16 for binding- of 
I25 MabeIed human recombinant CSF-1 was 9.4 x IO" 11 
mol/L, in good agreement with our previously obtained 
values." 

Figure 3 shows that in a competitive radioreceptor assay 
performed with the same labeled ligand preparation, unla- 
beled CSF-1 initially competed for binding sites on receptor- 
bearing NIH-3T3 cells at concentrations in the 10~ n mol/L 
range and displaced all of the labeled ligand at a concentra- 
tion of ca. 10" 9 mol/L. When prebound to the cells for 30 
minutes before addition of radiolabeled CSF-1, MoAbs 
1 2-3 A 1 and 1 2-2D6 were only about twofold less effective on 
a molar basis in competing for receptor binding of radiola- 
beled CSF-1 to the cells. MoAb 2-4A5 was tenfold less 




Log Concentration of Competitor (M) 

Fig 3. Competitive radioreceptor assay. Celts (5 x IO 4 / well) 
were preincubated for 30 minutes with CSF-1 <•) or with MoAb 
IgGs before addition of 1l6 l-labeled CSF-1 for 18 hours at 4°C. The 
MoAbs included: 2-4A5 U); 12-2D6 (A); 12-3A3 (■); 12-3A1 (□); 
and 7-7 A3 (Oh The percentage of 126 l-labeled CSF-1 bound in the 
absence of competitor (ca. 32,000 cpm/well) was normalized to 
100% (ordinate). 



effective, and MoAb 12-3 A3 was intermediate in inhibitory 
activity. The relative efficiency of these MoAbs in competing 
with CSF-1 for receptor binding sites on these cells was 
consistent with their hierarchy of inhibitory activity for 
ligand dependent colony formation (compare Figs 1 and 3). 
However, their ID 50 s in thexfompetitive radioreceptor assay 
were lower than those required for inhibition of colony 
formation, principally because the binding assay was per- 
formed for only 18 hours using limiting concentrations of 
125 I-labeled CSF-1. Figure 3 also shows that an antireceptor 
MoAb that binds to epitopes in the CSF-1R extracellular 
domain but that lacks growth inhibitory activity did not 
interfere with l25 I-iabeled CSF-1 binding to its receptor. 

Although the ability of certain MoAbs to compete for 
CSF-1 binding might imply that they recognize epitopes 
within the ligand-binding pocket of CSF-1 R, reciprocal 
binding data argue against this possibility. When a saturat- 
ing concentration of unlabeled CSF-1 was bound to receptor- 
positive NIH-3T3 cells at 4°C, the subsequent binding of the 
antireceptor MoAbs was not detectably inhibited. As a 
representative example, Fig 4A shows that MoAb 2-4A5 
generated a positive fluorescence profile when added to 
receptor-bearing cells that had prebound a saturating 
amount of ligand. To verify that the amounts of prebound 
CSF-1 were indeed sufficient to occupy all receptor binding 
sites before MoAb addition, an aliquot of the CSF-l-treated 
cells was incubated at 37°C for 60 minutes before addition of 
MoAb 2-4A5, and the cells were reanalyzed for expression of 
receptor epitopes by flow cytometry. After the temperature 
shift to 37°C, CSF-1 R was completely downregulated in 
response to prebound ligand, resulting in the loss of all 
detectable receptor epitopes at the cell surface (Fig 4A). 
Thus, the concentration of CSF-1 prebound at 4°C, although 
sufficient to occupy all available binding sites and thereby 
induce complete receptor internalization at 37°C, did not 
interfere with MoAb binding at 4°C. Similar data were 
obtained with MoAbs 12-2D6, 12-3A1, and 12-3 A3 (not 
shown), indicating that none of these reagents react with 
receptor epitopes that become masked by bound ligand. 

The growth inhibitory MoAbs do not induce receptor 
downmodulation. The above results showed that the four 
growth inhibitory MoAbs directly interfere with CSF-1 
binding to its receptor, but did not explain the differential 
effect of MoAb 2-4A5 in inhibiting the growth of cells 
transformed by activated c-fms mutants. Because physiolog- 
ical substrates for the CSF-1 R receptor kinase may reside at 
the cell surface, one possibility is that MoAb 2-4A5 induces 
receptor internalization and degradation, thereby reducing 
the ligand-independent kinase activity of mutant CSF-1R 
molecules on the plasma membrane. Antibodies to the trans- 
forming neu (erbB-2, HER-2) gene product appear to inhibit 
cell growth by such a mechanism. 22 To test this possibility, 
NIH-3T3 cells expressing CSF-1 R were stained either at 
4°C or at 37°C with MoAb 2-4A5 and analyzed for 
antibody-dependent fluorescence by flow cytometry. Figure 
4B shows that there was no significant diminution in the 
fluorescence profile after antibody treatment for two hours 
at 37°C, indicating that MoAb 2-4A5 did not induce inter- 



INHIBITORY ANTIBODIES TO CSF-1 RECEPTOR 



1791 



500 n 



Fig 4. Flow cytometric assays for MoAb bind- 
ing and CSF-1 R downmodulation. (A) CSF-1 R- 
positive NIH-3T3 cells were incubated with a satu- 
rating concentration of human CSF-1 for 1 .5 hours 
at 4°C and then stained at 4"C with antireceptor 

MoAb 2-4A5 ( ) or with an isotype-matched 

irrelevant MoAb {•••>) before counterstaining 
with goat anti-rat IgG. An aliquot of CSF-1 -treated 
cells was shifted to 37°C for one hour before 
staining with MoAb 2 -4 A 5 and goat anti-rat IgG at 

4°C ( ) in order to demonstrate that the pre- 

bound CSF-1 could downmodulate the receptor. 
(B) CSF-1 R-positive N1H-3T3 cells were stained 

for two hours at 4°C ( ) or at 37°C { ) with 

MoAb 2-4A5 before counterstaining with goat 
anti-rat IgG at 4°C. Control staining was performed 
at 4°C with an irrelevant isotype-matched antibody 
( ). 
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nalization of CSF-1 R. This assay is sufficiently sensitive to 
detect complete ligand-induced downmodulation of CSF-1 R 
within 90 minutes at 37°C (Fig 4A). Similar negative results 
were obtained with MoAbs 12-2D6, 12-3A1, and 12-3 A3. 

To confirm these findings, the cells were metabolically 
labeled for 15 minutes with [ 35 S] methionine and then incu- 
bated for various times in medium containing excess unla- 
beled methionine either in the presence or absence of CSF-1 
or different MoAbs. The cells were then lysed with deter- 
gent, and radiolabeled CSF-1R molecules were precipitated 
with antiserum and separated on denaturing polyacrylamide 
gels (Fig 5). In the absence of MoAb or CSF-1 treatment 
(top panel), the immature intracellular form of CSF-1 R 
(designated gpl30) was rapidly converted to the mature ceil 
surface form of the receptor (gp-r 50) which then turned over 
with a half-life of approximately three hours. 14 Addition of 
MoAb 2-4A5 to the cells during the "chase" period did not 
accelerate receptor degradation (Fig 5), whereas the addi- 
tion of saturating concentrations of CSF-1 led to greatly 
increased receptor turnover. 14 * 1 5,23,24 Identical results to that 
obtained with MoAb 2-4A5 were also obtained with MoAbs 



12-2D6, 12-3A1, and 12-3 A3. Thus, binding of these anti- 
bodies to the receptor at 37°C leads neither to receptor 
internalization (Fig 4B) nor to accelerated turnover (Fig 5). 
MoAb 2-4A5 must therefore inhibit the growth of trans- 
formed cells by another mechanism. 

DISCUSSION 

Four of 1 2 MoAbs directed to epitopes in the extracellular 
domain of the human CSF-1 receptor were found to inhibit 
ligand-dependent colony formation by human macrophage 
precursors and by NIH-3T3 cells expressing a transduced 
human c-fms gene. In the latter system, the formation of 
colonies in response to exogenously added CSF-1 or resulting 
from autocrine stimulation were both suppressed by these 
MoAbs. Under conditions of reduced temperature at which 
receptor downmodulation does not occur, pretreatment of 
receptor-bearing cells with each of the four growth-inhibi- 
tory antibodies blocked subsequent CSF-1 binding, whereas 
prebinding of CSF-1 did not reciprocally inhibit the reactiv- 
ity of the MoAbs to CSF-IR. These findings suggest that the 
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MoAbs do not react with epitopes within the CSF-1 binding 
pocket but either sterically inhibit ligand binding or alter the 
receptor conformation to decrease its affinity for CSF-1. 
Because radioiodination of these MoAbs led to their partial 
denaturation, we were unable to directly measure the K D s for 
antibody-receptor interactions by equilibrium binding. How- 
ever, the antibodies competed with l25 I-labeIed ligand for 
receptor binding sites at subnanomolar concentrations that 
approximated those at which CSF-1 itself was an effective 
competitor. Therefore, the MoAbs must bind to CSF-1R on 
live cells with high affinity. 

In colony inhibition assays performed with high concen- 
trations of exogenously added CSF-1, MoAbs 12-2D6, 12- 
3A1, and 12-3 A3 completely inhibited ligand-stimulated cell 
growth at concentrations of about 1 Mg/mL, whereas MoAb 
2-4A5 was about fivefold less potent. Nevertheless, MoAb 
2-4A5 had the additional property of inhibiting the CSF-1 
independent growth of cells transformed by an activated 
c-fms allele. Inhibition of colony formation was specifically 
mediated through a direct effect of MoAb 2-4A5 on human 
CSF-1 R, since cells transformed by the feline v-fms gene 
product, which is not recognized by the antibody, were not 
growth arrested. Flow cytometry performed with cells 
expressing chimeric receptor molecules composed of dif- 
ferent portions of the human CSF-1R extracellular domain 
fused to the remainder of the feline v-fms product 9 localized 
the epitopes for MoAbs 12-2D6, 12-3A1, and 12-3A3 
between CSF-1 R residues 1 to 308. In contrast, MoAb 
2-4A5 binds to an epitope located between residue 349 and 
the transmembrane segment at amino acids 512-537 
(R.A.A., M.F.R., and C.J.S., unpublished data). By use of 
both flow cytometric assays and kinetic receptor turnover 
studies, we found that none of these antibodies induced 
receptor internalization or degradation, indicating that the 



+ CSF-1 



+■ MoAb (2-4A5) 
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Fig 5. Receptor turnover 
in the presence or absence of 
MoAbs. CSF-1 R-positive NIH- 
3T3 cells labeled for 15 min- 
utes with [^Sjmethionine were 
chased in the presence of unla- 
beled methionine for the indi- 
cated times in hours. Human 
recombinant CSF-1 (5 nmot/L) 
or MoAb 2-4A5 (20 ng/mL) 
were added during the chase 
period as indicated at the right 
margin. The positions of the 
immature (gp130) and mature 
(gp150) CSF-1 R glycoproteins 
are indicated at the left mar- 
gin. 



inhibitory effect of MoAb 2-4A5 on c-fms transformed cells 
was not due to induction of CSF-1 R downmodulation. Taken 
together, these results imply that MoAb 2-4A5 acts directly 
on CSF-1 R molecules at the cell surface to extinguish 
receptor-mediated signals for cell growth. 

MoAb 2-4A5 might potentially interfere with conforma- 
tional changes in CSF-1R that are required to activate the 
receptor kinase or ensure its interaction with relevant sub- 
strates. Under normal circumstances, such changes are 
induced by CSF-1 binding, but they can also be caused by 
"activating mutations" that up-regulate the receptor kinase 
in the absence of ligand. 1 '- 13 It remains unclear whether the 
conformational changes that accompany kinase activation 
are intramolecular, or whether intermodular events, such 
as the formation of receptor dimers or interaction with 
heterologous membrane proteins, are required for signal 
transduction across the membrane. Precedents for the latter 
possibility come from studies of other receptor systems. 25 " 28 
Antibody-mediated reversal of an enzymatically active 
CSF-1 R conformation might therefore reflect the ability of 
certain MoAbs to interfere with receptor aggregation, as 
opposed to direct effects on the folding of the monomeric 
glycoprotein molecules. 

The fact that the human c-fms gene product can be 
activated as an oncogene by critical genetic alterations raises 
the possibility that similar genetic events occurring at the 
c-fms locus in situ might contribute to the abnormal prolifer- 
ation of CSF-1 R-bearing cells of the mononuclear 
phagocyte lineage. Indeed, surveys for the presence of such 
activating mutations in cases of myeloid leukemia are just 
beginning. If activated receptors could be demonstrated to 
contribute etiologically to a subset of such malignancies, 
MoAbs like 2-4A5 might ultimately prove to be of thera- 
peutic value in arresting the growth of such tumor cells. 
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Similarly, MoAbs 2-4A5, 12-2D6, 12-3A1, and 12-3A3 
might inhibit the proliferation of that subset of myeloid 
leukemias that coexpress CSF-1 and its receptor. 29 Because 
CSF-! supports both the proliferation and survival of mono- 
nuclear phagocytes, tMoAbs that inhibit responses to CSF-1 
may also affect the survival of monocytes and macrophages 
and thereby be useful in the management of inflammatory 



disorders or of diseases involving latent microbial infection of 
phagocytic cells. 
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ABSTRACT 

Seven murine monoclonal antibodies (MoAbs) recognizing differentia- 
tion antigens present on B-lymphocytes were analyzed in preclinical 
studies for their potential use for antibody-targeted therapy of B-cell 
malignancies. MoAbs HD37 (anti-CD19), 1F5 (anti-CD20), HD6 (anti- 
CD22), MB-1 (anti-CD37), G28-5 (anti-CDw40), 7.2 (anti-class II), and 
DA4-4 (anti-IgM) were studied for their binding avidities, immunoreac- 
tivities, isotypes, endocytosis rates, degradation rates, and number of 
binding sites on Daudi cells. Lineweaver-Burke analyses of 125 1 -labeled 
MoAbs demonstrated immunoreactivities ranging from 59 to 92%. Scat- 
chard analyses of 125 I-MoAbs demonstrated that five of the antibodies 
had binding avidities in excess of 10* L/M, whereas MoAbs 1F5 and 
HD37 had avidities of 3-4 x 10 s L/M. CD20, CD37, m, and HLA Class 
II were found to be highly expressed (200,000-400,000 binding sites/ 
cell) on Daudi cells whereas CD19, CD22, and CDw40 were less densely 
expressed (80,000-100,000 sites/cell). DA4^J ( M ), HD6 (CD22), and 
G28-5 (CDw40) were rapidly internalized by cells, HD37 (CD19) and 
MB-1 (CD37) underwent endocytosis at an intermediate rate, and 7.2 
(class II) and 1F5 (CD20) were internalized slowly. Trichloroacetic acid 
precipitation and high-performance liquid chromatography revealed the 
following relative rates of ,2S I-MoAb degradation: DA4-4 (/*) > HD6 
(CD22) > HD37 (CD19) > G28-5 (CDw40) > MB-1 (CD37) > 1F5 
(CD20) > 7.2 (class II). 

INTRODUCTION 

The identification of tumor-associated antigens has provided 
an approach by which malignant cells might be eradicated with 
minimal effects on adjacent normal cells. Preliminary promis- 
ing results have been obtained in both animal and human tumor 
models using unmodified MoAbs 3 (1-3), radiolabeled antibod- 
ies (4, 5), and immunotoxins (6, 7). Malignancies of the B- 
lymphocyte lineage are ideal for evaluating the utility of anti- 
body-targeted therapy because (a) B-cell surface antigens have 
been well characterized (8), (b) numerous high affinity B-cell 
specific antibodies are available, (c) human anti-mouse antibody 
formation is minimal in such patients (9), and (d) lymphomas 
have been shown to be sensitive test systems for new antineo- 
plastic agents (10). 

Criteria for selecting an antibody for immunoconjugate trials 
are poorly defined. Parameters believed to be important include 
the number of antigen sites per target cell, uniformity of antigen 
expression on all malignant cells, absence of binding to nontar- 
get tissues, and the immunoreactivity, avidity, isotype, rate of 
internalization, intracellular routing, and rate of degradation of 
the targeting MoAb. In an attempt to critically evaluate the 
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relative merits of a panel of MoAbs directed against different 
B-cell differentiation antigens, we have studied these parame- 
ters for MoAbs HD37 (anti-CD 19), 1F5 (anti-CD20), HD6 
(anti-CD22), MB-1 (anti-CD37), G28-5 (anti-CDw40), DA4-4 
(anti-IgM), and 7.2 (anti-class II) on a cell line (Daudi) derived 
from a patient with Burkitt's lymphoma. 

MATERIALS AND METHODS 

Cell Suspensions. Malignant B-cell (Daudi) lines were maintained in 
log-phase growth in RPMI 1640 supplemented with 12% FCS, 2 mM 
glutamine, and 1 mM pyruvate at 37 "C in 5% carbon dioxide. Fresh 
lymphoma cells were obtained from diagnostic biopsies performed on 
patients with B-cell lymphomas at University Hospital, Seattle after 
obtaining informed consent. Single cell suspensions were made by 
mincing lymph node fragments and pressing the cells through wire 
screens. After removing cell aggregates by sedimentation, cells were 
stored in 10% dimethyl sulfoxide/90% FCS in liquid nitrogen until 
analyzed: 

Antibodies. MoAbs used in these experiments included anti-HLA 
class II MoAb 7.2 (IgG 2a ), anti-human IgM (^ chain) MoAb DA4-4 
(Igd, from the American Type Culture Collection), anti-CD 19 MoAb 
HD37, and anti-CD22 MoAb HD6 (both IgG,, gifts from Dr. Ellen 
Vitetta, University of Texas at Dallas, and Dr. Moldenhauer, German 
Cancer Research Center, Heidelberg), anti-CD20 MoAb 1F5 and anti- 
CDw40 MoAb G28-5 (both IgG 2a , gifts from Dr. Jeffrey Ledbetter, 
Oncogen Corporation, Seattle), anti-CD37 MoAb MB-1 (IgG,, gift 
from Dr. Ron Levy, Stanford University), and control MoAbs 9E8 
(IgG2*), and MOPC-21 (IgGi). The seven pan-B MoAbs studied were 
chosen because of the reliability of their expression on human B-cell 
malignancies (Table 1). MoAbs were purified from ascitic fluid by 
affinity chromatography on Sepharose-Staphyhcoccal protein A (11) 
or by ion-exchange chromatography. Protein concentrations were de- 
termined using the BCA assay following the recommendations of the 
manufacturer (Pierce Chemical Company, Rockford, IL). 

Radioiodination. MoAbs were labeled with 125 I-Na by the Iodo-Gen 
method. MoAb (100 Mg) was incubated with 0.5 mCi of ,25 I-Na in glass 
tubes coated with 10 Mg of Iodogen (Pierce Chemical Co., Rockford, 
IL) for 10 min at room temperature. Free 125 I-Na was removed by 
chromatography on a Pharmacia PD-10 column (Pharmacia, Piscata- 
way, NJ). Eluted fractions containing l25 I-labeled antibody were pooled 
and stored at 4"C. The immunoreactivity (proportion of antibody 
molecules in a preparation which were capable of binding to antigen) 
and avidity of radiolabeled MoAbs were determined by modifications 
of previously described methods (12-14). 

Determinations of Number of Cell Binding Sites. Two methods were 
used to estimate the number of binding sites for B MoAbs on Daudi 
cells. In the first method, serial dilutions of ,25 I-labeled MoAbs were 
bound to a fixed number of Daudi cells (200,000) at room temperature 
(22*C) for 2 h. Cell suspensions were then centrifuged and the number 
of bound and free cpm quantitated by gamma counting. The ratio of 
bound/free cpm was plotted versus the concentration of antibody, and 
the A'-intercept was taken as the number of antigen binding sites per 
cell (12-14). Data were corrected for the immunoreactivity of the MoAb 
(see above) and for nonspecific binding using irrelevant cell lines and 
irrelevant ,25 I-Iabeled MoAbs as described by Badger et a!. (13). Rean- 
alysis of the data using the LIGAND program to model nonspecific 
binding as a fitted parameter yielded similar avidity constants (14). 

In the second method, the numbers of cell surface binding sites were 
estimated by flow cytometry using fluorescent microbead standards 
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Table I lmmunophenotypes of human B cell malignancies* 



Antigen 
expression 


Non- 
Hodgkin's 
lymphoma 


B-chronic 
lymphocytic 
leukemia 


Hairy cell 
leukemia 


Non-T, 
Non-B 
acute 
lymphocytic 
leukemia 


CD19 


352/419 


1 Jt J/ 1 iJ 


18/30 


314/323 


/QA<tL\ 

\p**/o) 


(98%) 


(60%) 


(97%) 


CD20 


At\i lAA 1 


85/92 


23/23 


20/46 


(91%) 


/o) 




(43%) 


CD22 


m /ai i 




6/6 


3/11 


(78%) 






(27%) 


CD37 


*> 1 *> /T7Q 

1 1 If £Ao 




11/11 


3/15 




(78%) 


(100%) 


(20%) 


CDw40 


22/23 


24/31 


4/4 


N.A. 




(96%) 


(77%) 


(100%) 


323/325 


DR 


427/438 


50/50 


7/9 




(97%) 


(100%) 


(78%) 


(99%) 


slg 


336/349 


115/137 


26/27 


0/35 


(86%) 


(84%) 


(96%) 


(0%) 


* Compiled from references (8, 19-26). 



(Flow Cytometry Standards Corporation, Research Trangle, NC). 
Briefly, 5 x 10 5 Daudi cells were stained to saturation with each of the 
study antibodies, washed twice, stained with 1:20 FITC-GAMIg, 
washed twice, and analyzed by flow cytometry. The fluorescence inten- 
sity per cell was interpolated onto a standard fluorescence calibration 
curve constructed using a Quantitative Fluorescein Microbead Stand- 
ards Kit. Results were normalized using the fluorescence to protein (F/ 
P) ratio determined empirically for each MoAb using Simply Cellular 
Microbeads (Flow Cytometry Standards Corp.) as described by the 
manufacturer for indirect immunofluorescence. 

Microfluorimetry. The binding of MoAbs to target cells was deter- 
mined by indirect immunofluorescence using a FITC-GAMIg (TAGO 
Inc., Burlingame, CA). Cells were incubated for 30 min on ice with 
MoAbs at saturating concentrations, washed, incubated with a 1:20 
dilution of FITC-GAMIg, washed, and fixed with 1% paraformal- 
dehyde. Cells were analyzed on a cell sorter (Facstar, Becton-Dickinson 
Inc., Sunnyvale, CA). 

Endocytosis Assay. Daudi cells were washed in cold serum-free RPMI 
1640 and pelleted by centrifugation. l25 I-labeled MoAbs were added to 
the cell pellets in a ratio of 1 \l% protein (200,000 cpm) per 10 6 cells in 
a volume of 0.5 ml. Jurkat cells or irrelevant MoAbs 9E8 or MOPC21 
were used as controls to assess nonspecific binding. Cells were incubated 
with ,25 I-MoAbs at 4°C for 1 h and then washed twice with cold RPMI 
1640. Aliquots containing 1 x 10 6 cells were plated in 200 y\ RPMI 
1640 in microtiter plates (Flow Laboratories), warmed to 37*C (in a 
humidified C0 2 incubator) for various time intervals, and then assayed 
for radioactivity in the SN, surface membrane, and intracellular com- 
partments as described below. 

Following 0, 1, 2, 4, 10, and 24 h of culture, cell suspensions were 
pelleted by centrifugation at 4 - C at 300 x g for 3 min. SNs were 
aspirated and the radioactivity was determined on a Beckman Gamma 
7000 Counter (Palo Alto, CA). Surface-bound antibody was then re- 
moved from cell membranes using two consecutive 15 min acid/papain 
washes (15). The wash solution was prepared by titrating RPMI 1640 
medium to pH 1.0 with 1 n HCI and adding 2.5 mg/ml papain (Sigma, 
St. Louis, MO). Cells were sedimented by centrifugation (300 x g) and 
subjected to a second acid/papain wash. The two acid washes were 
pooled and the radioactivity in the eluted l25 I-MoAb was determined 
by gamma counting. This technique released >90% of the cell-associ- 
ated radioactivity from Daudi cells labeled with antibodies DA4-4, 7.2, 
HD37, G28-5, 1F5, and MB-1 when cell suspensions were maintained 
at 0-4*C to inhibit endocytosis. (Only 70% of surface l25 I-HD6 (CD22) 
could be eluted under these control conditions. To facilitate comparison 
with the other antibodies, data for HD6 were normalized so that the 
cpm which could not be stripped from the cell surface at time 0 were 
subtracted from the total culture cpm.) Nonspecific binding of labeled 
MoAbs to cells lacking the target antigen represented <\% of the 
radioactivity bound to the cells expressing the antigen. After stripping 
of surface ,23 I-MoAbs and collecting the acid washes, the cell pellets 
were harvested from microwells with cotton swabs. Cell pellets were 



assessed for the presence of internalized ( u acid-resistant**) ,:5 I-MoAbs 
by gamma counting. 

Antibody Degradation. The extent of degradation of the ,:5 I-MoAbs 
was measured as described (15, 16). Culture SNs (0.2 ml) were mixed 
with 0.6 ml of 25% TCA to precipitate protein-bound l25 I released from 
the cell surface. Precipitates were washed with 0.5 ml 25% TCA, and 
the radioactivity in the pellets and washes was determined. 

HPLC. SNs were harvested from cultures of ,23 I-MoAb labeled Daudi 
cells after various time intervals (0, 4, 10, 24 h). Aliquots (50 id) of 
crude SNs or the TCA soluble SN fractions (containing approximately 
4000 cpm) were injected into a Beckman Model 338 HPLC apparatus 
fitted with a TSK4000SW gel filtration column, and a model 170 
radioisotope detector. The retention times of the applied radioactive 
species were recorded and compared with standards (radiolabeled intact 
IgG, free ,23 I, and l25 I-tyrosine). The distribution of radioactivity in 
fractions of different size ranges were plotted and the areas under the 
curves quantified by a dedicated analogue computer. 

Immunoelectron Microscopy. Electron microscopy of immunoper- 
oxidase-stained cells was employed to identify the intracellular com- 
partments in which pan-B MoAbs were distributed. Attempts to use 
postembedding immunolabeling were unsuccessful due to the insensi- 
tivity of this technique in detecting cell-associated antibody at <400,000 
molecules/cell. Consequently, pre-embedding immunolabeling with a 
monovalent Fab'-HRP-GAMIg reagent was performed. HRP (RZ = 
3.0, Sigma, St. Louis, MO) was conjugated to Fab' fragments of 
GAMIg by the metaperiodate method (15, 17). Immunoperoxidase 
staining was performed by incubating 5 x 10 6 cells with a saturating 
concentration of MoAb for 30 min at 4*C, washing three times with 
RPMI 1640, incubating with HRP-Fab'-GAMIg for 30 min at 4°C, 
washing three times, and then warming cells to 37*C. Following 0-24 
h of incubation, cells were washed, fixed for 30 min with half-strength 
Karnovsky's fixative, washed twice in 0.1 m cacodylate buffer, and 
reacted with 225 m! diaminobenzidine (0.5 mg/ml) (Sigma, St. Louis, 
MO) in 0.2 m Tris buffer (pH 7.4) containing 0.0009% hydrogen 
peroxide for 15 min. After two washes in 0.1 m cacodylate buffer, cells 
were postfixed in 1% osmium tetraoxide, and processed for electron 
microscopy. Between 30 and 60 cells (sectioned through the nucleus) 
per grid were scored for the presence of total surface label, for patching, 
capping, and the presence of labeled microinvaginations, endosomes, 
and lysosomes. Unstained sections were used to score cells as having 
peroxidase-positive surface membranes, endosomes, and lysosomes. 
Peroxidase-labeled organelles contrasted starkly with unlabeled cellular 
compartments in these uncounterstained sections. Organelles were 
scored as peroxidase-positive or negative in an "all or none" fashion. 
For photographic purposes, some grids were counterstained with uranyl 
acetate and lead citrate. Some fixed cell suspensions were treated by 
the method of Barka and Anderson (18) to identify acid phosphatase 
activity (a lysosomal marker) before embedding in Epon 812. Previous 
studies have shown that Fab'-HRP-GAMIg labeling by this technique 
does not alter the rate or route of immunoconjugate internalization 
(16). 

RESULTS 

Characterization of MoAbs. The binding avidities, immuno- 
reactivities, and the number of surface binding sites for the 
MoAbs on Daudi cells are summarized in Table 2. The anti- 
bodies segregated into two groups with respect to surface anti- 
gen density: CD20, CD37, ^ and HLA class II molecules were 
highly expressed (200,000-400,000 binding sites/cell) whereas 
CD 19, CD22, and CDw40 were less densely expressed (80,000- 
100,000 sites/cell). For comparison purposes, the expression 
of B-cell antigens on fresh lymphoma cells were quantified for 
five patients with low and intermediate grade B-cell lympho- 
mas. Large numbers of binding sites were found for MoAbs 
1F5 (CD20; 128,000 ± 33,000 sites) and MB-1 (CD37; 59,000 
± 12,000 sites) with lower antigen densities for the other 
MoAbs [DA4-4 ( M ), 50,000 ± 27,000 sites; 7.2 (class II), 28,000 
± 6000 sites; G28-5 (CDw40), 19,000 ± 3000 sites; HD37 
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Table 2 Chara cterization of murine mAbs recognizing 

Binding Avidity 
Antibody Antigen" Isotype sites/cell* 



ENDOCYTOSIS OF PAN-B ANTIBODIES 

#B cell antigens 

(L/M) 



Immunoreac- 
tivity (%)" 



HD6 
(CD22) 



DA4-4 




IgGl 


HD6 


CD22 


IgGl 


G28-5 


CDw40 


IgG2a 


HD37 


CD19 


IgGl 


MB-1 


CD37 


IgGl 


1F5 


CD20 


IgG2a 


7.2 


Class II 


IgG2b 



330,772 
86.683 
86.835 
91,131 
234,311 
306,097 
393,163 



4.34 x 10 Q 
2.88 X 10* 
4.50 X 10' 
0.30 X 10 9 
2.99 x 10' 
0.37 x 10' 
1.71 x 10' 



92 
69 
86 
76 
92 
59 
74 



■ CD, cluster designation as assigned by the Third International Workshop on 
Monoclonal Antibodies (8). 

* Means of 5 experiments (two performed with radiolabeled antibodies and 
three with the fluorescent microbead method). There was good correlation be- 
tween the results obtained with the two different types of assays. (Standard errors 
of the means were <\S% except for DA4-4 [±27%] and HD37 [±30%].) 

* Avidities determined by Scatchard analyses of 123 I-MoAb binding to Daudi 

cells (14). ^ M 

Mmmunoreactivity determined by Lineweaver-Burk analyses of I-MoAb 
binding to Daudi cells. (Average of 4 experiments [Standard Errors <8% except 
7.2= 15%].) 

(CD19), 19,000 ± 200 sites; and HD6 (CD22), 8000 ± 4000 
sites]. All seven MoAbs bound to 90-100% of Daudi cells with 
narrow, unimodal peaks on flow cytometry. Binding sites were 
also fairly uniformly present on fresh lymphoma B-cells for 
MoAbs 1F5 (CD20), 7.2 (class II), and MB-1 (CD37) (with 
97-100%, 85-100%, and 76-99%, respectively, of the B-cells 
from the patients expressing the relevant antigen). However, 
there was more variability in antigen expression for MoAbs 
DA4-4 (m), HD6 (CD22), HD37 (CD19), and G28-5 (CDw40) 
with 20-92%, 52-89%, 77-89%, and 77-93%, respectively, of 
fresh lymphoma B-cells bearing the relevant antigens. 

Endocytosis and Degradation of Pan-B MoAbs. MoAbs dif- 
fered substantially in their behavior after cell binding. DA4-4 
00, HD6 (CD22), and HD37 (CD 19) were rapidly internalized 
by cells (Fig. 1, a, b, and d) resulting in the disappearance of 
radioactivity from the cell surface and appearance of label in 
the intracellular compartment. Peak levels of intracellular ,25 I- 
MoAb were detected at 4 h of culture with subsequent declines 
attributable to degradation and exocytosis of 125 I-MoAbs (see 
below). SN radioactivity appeared rapidly with these antibodies 
and accounted for 70-80% of total culture cpm at 24 h. G28-5 
(CDw40) was also rapidly internalized, but intracellular reten- 
tion of this MoAb was more prolonged, with 40% of the label 
remaining in an intracellular compartment between 4 and 24 
h, and with a plateau in SN cpm at 30% (Fig. 1c). MoAbs MB- 
1 (CD37), 7.2 (class II), and 1F5 (CD20) were characterized by 
more prolonged retention on the cell surface with slower intra- 
cellular accumulation of label (Fig. 1, e 9 f, and g). 

Fig. 2 shows that 125 I-DA4-4 00 was the MoAb most exten- 
sively degraded by Daudi cells, with 40-50% of all culture 
radioactivity being TCA soluble after 24 h of culture. ,25 I-1F5 
(CD20) and ,25 I-7.2 (class II) showed the least degradation with 
<10% of the label being TCA-soluble after 24 h. These experi- 
ments demonstrated that the rapid disappearance of 40-45% 
of surface-bound 1F5 over the first 4 h of culture seen in Fig. 
1/was primarily due to dissociation, a finding consistent with 
its low avidity. 

Analysis of I25 I-MoAbs in Culture Supernatants using HPLC 
Culture SNs were analyzed by HPLC using a size exclusion 
column to determine the size of molecules bearing 125 I. In 
cultures containing rapidly internalized and degraded antibod- 
ies, relatively little radioactivity in the SN was on intact IgG 
molecules after 24 h [e.g., 32% for ,25 I-DA4-4 (anti- M )]. In 
contrast, the majority of SN cpm in cultures containing slowly 
degraded antibodies was present on intact IgG after 24 h of 
incubation {e.g., 61% for MoAb 7.2). HPLC confirmed the 
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Fig. 2. Degradation of I25 I-labeled MoAbs by Daudi cells. To assess the rates 
at which 125 I-MoAbs were degraded and exocytosed, SNs from the experiment 
shown in Fig. 1 were precipitated with 25% TCA, centrifuged, decanted, and 
TCA soluble cpm quantitated by gamma counting. O, DA4-4 0*); HD6 (CD22); 
A, HD37 (CD19); G28-5 (CDw40); ■, MB-1 (CD37); A, 1F5 (CD20); O, 7.2 
(Class II). 

efficacy of TCA in precipitating intact 125 I-MoAb molecules; 
all TCA soluble radioactivity in SNs was present on molecular 
species <2,000 Daltons (data not shown). 

Immunoelectron Microscopy of MoAb Internalization. Endo- 
cytosis and intracellular trafficking of MoAbs was demon- 
strated directly by immunoperoxidase electron microscopy. All 
cells showed circumferential labeling at time 0 [shown for 
MoAb HD6 (CD22) in Fig. 3a]. MoAbs DA4-4 (m), HD-6 
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Fig. 3. Immunoperoxidase electron mi- 
crography of Daudi cells labeled with MoAb 
HD6 (CD22). Cells were labeled with MoAb 
HD6 and peroxidase-conju gated Fab'-GAMIg 
at 4*C before warming cells to 37'C to initiate 
endocytosis. At time 0, cells displayed circum- 
ferential surface staining (a) {bar, 1 pm). 
Within minutes of warming at 37*C extensive 
endocytosis of HD6 via "coated pits" {arrows 
in b and c) and "coated" vesicles {arrowhead m 
b) was apparent {bars, 0.1 nm). Within 30 mm 
cells contained numerous peroxidase-labeled 
endocytic vesicles or "receptosomes" {arrows 
in d) and tubular cisternae {arrowheads in d) 
(bar, 0.5 Mm). Between 2 and 18 h after warm- 
ing to 37'C, progressive accumulation of per- 
oxidase in lysosomes was observed {e) {bar, 0.5 





(CD22), and G28-5 (CDw40) were rapidly internalized via 
coated pits [shown for MoAb HD6 (CD22) in Fig. 3, b and c), 
which subsequently pinched off, giving rise to labeled endocytic 
vesicles (Fig. 3d). Within 30 min at 37*C, 65-70% of cells 
treated with these three MoAbs had detectable label in endo- 
somes (Fig. 4, a-c). Subsequently, there was a slowly progres- 
sive increase in the percentage of cells containing labeled lyso- 
somes [up to 67% for DA4-4 (m), 40% for HD6 (CD22), and 
37% for G28-5 (CDw40) after 18 h] (Figs. 3c and 4) accom- 
panied by a slight decline in the percentage of cells containing 
labeled endosomes. MoAbs 1F5 (CD20) and 7.2 (class II) were 
much more slowly internalized as demonstrated by the pro- 
longed persistence of surface label and the more gradual ap- 
pearance of peroxidase label in endosomes and lysosomes 
(293% of cells retained surface label even after 18 h of culture 
(Fig 4 /and g). Of note was the ; fact that cells labeled with 
MoAbs HD37 (CD19), MB-1 (CD37), 1F5 (CD20), and 7.2 
(class II) showed progressive accumulation of label in the en- 
dosomes over the full 18-h time period studied (Fig. 4, d-g), in 
contrast to the plateau and decline seen with MoAbs DA4-4 
(») HD6 (CD22), and G28-5 (CDw40) (Fig. 4, a-c). Further- 
more, MoAbs DA4-4 GO, HD6 (CD22), and G28-5 (CDw40) 
were found to enter a prominent tubular endocytic compart- 
ment (arrowheads in Fig. 3d), whereas the other four antibodies 



had very limited transport to this compartment (data not 
shown). These tubular cisternae were frequently seen in close 
proximity to the trans-Golgi apparatus, which has been re- 
ported to be important in translocation of toxins such as ncin 
and diphtheria toxin to the cytosol (27). The main Golgi 
apparatus itself was not prominently involved in the intracel- 
lular trafficking of any of the seven MoAbs studied. 

It is important to note that the two assays used in Figs. 1 
and 4 measure different parameters, and therefore the contours 
of the curves obtained differ. The radioimmunoassays depicted 
in Fig. 1 give a quantitative measure of the relative proportions 
of antibody on the cell surface, inside cells, and in the culture 
supernatant at various time points. For any given time in Fig. 
1, the sum of the values in these three compartments is 100%. 
In contrast, the immunoelectron microscopy studies in Fig. 4 
measure the percentage of cells at each time point which have 
any amount of antibody on their surface, in endosomes, and in 
lysosomes. This technique does not measure the relative distri- 
bution of antibody in the various compartments, hence, the 
values for time points later than time 0 in Fig. 4 do not add up 
to 100%. Thus, after 2 h of incubation, almost 50% of the - 1- 
DA4-4 cpm had been cleared from the surface membrane (Fig. 
la), but 90% of cells examined ultrastructurally still retained 
small amounts of surface bound antibody (Fig. 4a). 
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Fig. 4. Endocytosis of MoAbs by Daudi cells as determined by immunoelec- 
tron microscopy. Cells were treated with MoAbs and peroxidase-conjugated Fab'- 
GAMIg at 4*C as described in the legend for Fig. 3. At 0, 0.5, 2 t and 18 h cells 
were washed, fixed and processed for electron microscopy. Cells were scored for 
peroxidase-positive surface membranes (•), endocytic vesicles (□), and lysosomes 
(O) morphometrically. 

Electron microscopy revealed that the density of surface label 
remaining on cells after 18 h varied greatly. MoAb DA4-4 (p) 
was distributed in small surface patches (Fig. 5a), whereas cells 
labeled with MoAbs 1F5 (CD20) and 7.2 (class II) often showed 
dense circumferential distributions even after 18 h (Fig. 5b). 
The slow rate of internalization of MoAb 7.2 (Class II) by 
Daudi cells (Figs. 1 and 4) was quite a surprise, since it had 
previously been shown that normal B-cells spontaneously inter- 



nalize Class II molecules and we expected crosslinking 
with MoAb 7.2 to accelerators process. However, MoAb 7.2 
proved to be the slowest of the seven MoAbs cleared from the 
surface of Daudi cells. This finding may reflect rapid recycling 
of intact MoAb 7.2 back to the surface membrane after endo- 
cytosis (28), or slow modulation of class II antigen, which has 
been reported to occur with some malignant B-cells (29). 



DISCUSSION . : * ... 

Several groups have assessed the merits of various pan-B 
antibodies for therapy of B-cell malignancies (1, 4, 5, 19, 30, 
31), but MoAb selection has remained arbitrary because the 
relative importance of the various parameters influencing effi- 
cacy remains uncertain. This report compares the in vitro im- 
munobiological properties of seven MoAbs which have poten- 
tial clinical utility. Table 3 summarizes the salient features of 
the seven MoAbs studied. Since different MoAbs targeting the 
same surface antigen can vary greatly in their rates of endocy- 
tosis and subsequent intracellular routing (16, 32), caution 
should be exerted in extrapolating the findings reported for the 
MoAbs studied in this report to other MoAbs or to other cell 
types, even if the same surface antigen is targeted. 

Of the parameters considered desirable for antibody-directed 
immunotherapy, high surface antigen density is perhaps least 
controversial since it permits a high concentration of effector 
molecules to be focused on target cells. High antibody avidity 
also appears desirable based on in vitro IT studies (31), though 
moderate or low avidity MoAbs may "percolate" deeper into 
solid tumor masses in vivo (33). High immunoreactivity may 
maximize targeting and minimize toxicity in IT and radioim- 
munotherapy trials, but MoAbs with moderately low immuno- 
reactivity may suffice for unmodified antibody trials (3) since 
toxicity is minimal and dose escalatation can compensate for a 
reduced immunoreactive fraction. Antibody isotype appears to 
be of primary importance for trials using unmodified antibodies, 
where the murine IgG 3 and IgG 2a isotypes are most effective at 
interacting with human effector cells (34, 35). Rapid MoAb 
internalization into target cells is deleterious for unmodified 
antibody trials [because interactions with effector cells are ab- 
rogated (36-38)], advantageous for immunotoxin studies [since 
the reagents must reach ribosomes (6)], and isotope-dependent 
for radioimmunoconjugate protocols [since intracellular dehal- 



Fig. 5. Variability in retention of surface 
antibody on Daudi cells labeled with MoAb 
DA4-4 (jl) or MoAb 7.2 (class II). Immunoe- 
lectron micrographs of cells cultured for 18 h 
at 37*C after surface labeling with either 
MoAb DA4-4 (a) or MoAb 7.2 (b) and HRP- 
Fab'-GAMIg. DA4-4-labeled cells retaining 
surface label had only small patches of residual 
surface antibody (arrow in a), whereas MoAb 
7.2-labeled cells had dense circumferential re- 
sidual surface label (b). Cells in both (a) and 
(b) had some internalized antibody in lyso- 
somes (arrowheads). (Bars, 1 iim). 
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Table 3 Summary of pan B antibody characteristics" 



Antibody 
(antigen) 



DA4-4 HD6 G28-5 HD37 MB-1 1F5 7.2 
( M ) (CD22) (CDw4Q) (CD 1 9) (CD37) (CD20) (Class H) 



Antigen density +++ + 
Avidity +++ +++ 
Immunoreactivity ++++ +++ 
Extent of endocytosis ++++ ++++ 
Surface retention + + 
Degradation rate ++++ +++ 
Tubulocistemal deliv- ++++ +++ 
ery* 



++ " 
+++ 
++++ 
+++ 
+ 

++ 
++ 



++ 
++ 
+++ 
++ 
. ++ 
++ 
+ 



+++ 
+++ 
++++ 
++ 
++ 
++ 



+++ 
++ 
++ 
+ 
+++ 
+ 



+++ 
+++ 
+++ 

+ 
+++ 

+ 

+ 



* Determined on Daudi cells. 

* Delivery of antibody to "tubular cisternae" in cytoplasm (see text). 



ogenation of l3, I-MoAbs is detrimental (4), but intracellular 
localization of short acting isotopes (e.g., a-emitters) is bene- 
ficial]. Intracellular routing of ITs to the trans-Golgi reticulum 
(27) and prolonged retention in prelysosomal compartments 
may maximize IT efficacy (16, 27), whereas rapid delivery of 
ITs and radioimmunoconjugates to lysosomes may attentuate 
their clinical efficacy (16, 39). 

Cross-reactivity of MoAbs with nonmalignant tissues in- 
creases the potential toxicity of immunotherapy, though tem- 
porary elimination of normal, circulating B-cells by pan-B 
MoAbs has been well tolerated (3, 4). Cross-reactivity of MoAbs 
with nonlymphoid cells or tissues (e.g., kidney, nerve axons) 
may lead to unsuspected toxicities (40), although some degree 
of normal tissue cross-reactivity is tolerable as shown by trials 
using anti-CD37, antiferritin, and anti-class II antibodies (4, 
29, 41). Interestingly, cross-reactivity of anti-CDw40 antibodies 
such as G28-5 with carcinomas may actually increase their 
clinical utility (8). 

Since many B-cell antigens are receptors for naturally occur- 
ring ligands (8, 19), it is possible that MoAbs targeting these 
molecules may induce or suppress differentiation, activation or 
mitogenesis of tumor B-cells. However, we have seen no con- 
vincing evidence to support this concern in the patients we have 
treated so far with anti-B-cell MoAbs (3, 4). Antigen shedding 
is an undesirable feature since circulating antigen impedes 
MoAb targeting to tumor sites (1) and may result in immune 
complex disease. 

On the basis of the parameter analysis above, we speculate 
that MoAbs 1F5 (CD20) and MB-1 (CD37) may be well suited 
for in vivo applications as unmodified antibodies since they are 
cleared from the surface of cells less rapidly than HD6 (CD22), 
DA4-4 (m), and G28-5 (CDw40), have more surface binding 
sites than HD37 (CD19), HD6 (CD22), and G28-5 (CDw40), 
and will not cross-react with nontarget cells as extensively as 
MoAb 7.2 (class II). MoAb 1F5 (CD20) might be somewhat 
preferable because of its higher specificity for B-cells, higher 
number of surface binding sites, slower endocytosis and degra- 
dation rates, and IgG 2a isotype. Conversely, MoAb MB-1 
(CD37) has a higher immunoreactivity (4) and possibly less 
chance of inducing activation and proliferation of B-cells (8). 

Selection criteria for MoAbs used as carriers of drugs or 
toxins differ from those for antibodies used in unmodified form. 
Ideally, MoAbs to be used as drug or toxin conjugates should 
be efficiently delivered to target cells, rapidly internalized, and 
delivered to endocytic compartments [e.g., receptosomes or 
trans-Golgi reticulum (27)]. We would predict that HD6 
(CD22) and G28-5 (CDw40) might make effective immunotox- 
ins because of their rapid internalization by malignant B-cells. 
Anti-M MoAbs (e.g., DA4-4) are less desirable for in vivo IT 
trials because of the high concentrations of IgM in blood, even 
though they are rapidly endocytosed by cells and make effective 
ITs in vitro. MoAb 1F5 (CD20) is poorly internalized, and 



would not be expected to make a good immunotoxin reagent. 

MoAb MB-1 (CD37) is a good candidate for radioimmu- 
notherapy trials because of its high avidity, high immunoreac- 
tivity, large number of surface binding sites, and intermediate 
rate of dehalogenation. MoAb 1F5 (CD20) may also suffice for 
radioimmunotherapy because of its slow dehalogenation and 
the high number of binding sites on B-cell tumors, though its 
low immunoreactivity is unfavorable. The rapid degradation 
rates for MoAbs DA4-4 ( M ) and HD6 (CD22) make these 
antibodies less attractive as candidates for trials using radioio- 
dinated MoAbs. The reactivity of MoAb 7.2 (class II) with 
many non-B-cells is undesirable, though animal and human 
experiments suggest that this may not be an absolute impedi- 
ment (5, 29). 

These predictions have not yet been prospectively tested, but 
the available evidence is supportive for our hypotheses. MoAb 
1F5 (CD20) in unmodified (or trace-labeled) form induced 
temporary responses in three of five lymphoma patients [one 
minor, one partial, and one complete response (3, 4)], MoAb 
HD6 (CD22) made a much more potent ricin A-chain IT than 
did HD37 (CD19) (32, 42), anti-CD20 MoAbs made totally 
ineffective ITs (43), and I31 Mabeled MoAb MB-1 (CD37) in- 
duced major responses in all five patients with refractory lym- 
phomas treated [four complete responses and one partial re- 
sponse (4)]. 
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Antibody-directed Targeting of Liposomes to Human Cell Lines: Role of Binding 
and Internalization on Growth Inhibition 1 



ABSTRACT 

SmaU unilamellar liposomes containing methotrexate or methotrexate- 
thusablctobmdcell-specificimmun^^ 

human B- and T-cell lines. Wc were able to demonstrate enhanced prott.a 
A Uposome uptake and growth inhibition by targetine with an i£*««J£ 
hi S »«mpatibniry complex class II antibody recog mat* 
cell lines The enhanced growth inhibition was specif* for the feting 
antibody and amounted to a 2- to Mold lowering of *e conccnrradon of 
dm required lo inhibit cell growth by 50% as compared to .wntargeted 
BpLmcs or liposomes targeted with an antibody M " e ^« " e " 
surface antigen. A strong association between enhanced growth motion 
cSX" me -nternallxation as assessed by fluorescent-activated cell 
sorter analysis of carboxyfluorescein containing protein A liposomes was 

wTfcsleralanti-^ 

antigens. Liposome internalization did no, occur w,.h these antibodies 
Failure of growth inhibition and PA liposome InternahwUoo could not 
L explain* b, differences in cell binding of the anUbodyPA liposomes 
or the degree of protein A binding of the targeting antibody. Although 
the ability of the targeting antibody to bind to the cell and to proton A 
are important, these factors alone are not sufficient to guar*, ee ^inter- 
nalization and growth inhibition. Variations in rates ot mternalization of 
various cell surface antlgeinantibody complexes may account for different 
protein A liposome mediated cytotoxicities. 

INTRODUCTION 

Liposomes, containing chemotherapeutic agents, provide the 
possibility of selective specific drug delivery and cytotoxicity 
(1) Methods of conjugating proteins (2-4) have enabled the 
attachment of immunoglobulins or protein A to liposomes for 
specific targeting. Protein A has the prope rty of brndmg ^pref- 
erentially certain isotypes of immunoglobulins (IgG2a and 
1rG2W and immunoglobulins of certain species (rabbit and 
murine versus goat which binds less well) (5). The conjugation 
of cell-specific antibodies to liposomes containing chemother- 
apeutic agents has been shown to increase cytotoxicity selec- 
tively m several murine rumor cell lines (6, 7). However, there 
are only a few reports in the literature examining the application 
of liposome technology to human cell lines (8) Specific en- 
hanced rumor cytotoxicity could be of clinical relevance, espe- 
cially in the area of tumor purging of bone marrows for autolo- 
gous transplantation. In this report, we evaluate the efficacy of 
monoclonal antibody-targeted PA liposomes 5 containing meth- 
otrexate and methotrexate-r-aspanate in human neoplastic 
lymphoid cell lines. 
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MATERIALS AND METHODS 

Liposomes. A 10:5:1 molar mixture of phosphatidylcholine, choles- 
terol, and ,V4-(^maleirnidophenyl)butyryl phosphatMylethanolamnie 
was suspended in a solution of 50 mM methotrexaa^ -aspartate as 
previously described (9). The suspension was sonicated for 1 h in a oath 
sonicator (Laboratory Supplies. Hicksville, NY) Any renaming large 
moldlamelar liposomes were removed by centnfugauon in an Eppen- 
dorf 3200 centrifuge for 30 min. and unencapsulated drug was removed 
by gel filtration on Sephade* G-75. The vesicles were then conjugated 
for 18 h at 2SC with thiolated Staphylococcia aureus protein A in 
isotonic SO mM 2(N-morpholino)ethanesulfonic acid-SO I mM /V-2-hy- 
droxyethylpiperazine-Arv2^thancsulfomcacid-2mMEDTAbuffer,pM 

6.7. The protein and lipid concentrations during conjugation were 0.25 
g/liter and 2.6 mM. respectively. The conjugated vesicles were s«Pan«d 
from unbound protein by flotation on a metrixamide gradient as de- 
scribed (8). Liposomes were sterilized by passing them through a 0 2- 
„m polycarbonate filter, and analyzed for lipid, protein, and drug 
intent as previously described (10). Methotrexate PA liposomes _wcrc 
made in a similar fashion but with a 5:5:1 ratio of the three lipids 
suspended in a methotrexate concentration of 25 m 

Orboxyfluoresccm PA liposomes were prepared as above but with 
the lipids suspended in a solution or 100 mM carboxyfluorosccin instead 
ofracthotrexate-7-aspanate. 

Cell Lines. Cells used included the human T<cH leukenua line CEM/ 
VLB (obtained from Dr. W. T. Beck, Memphis TN, Ldii • h ™£ B "« 1 
lymphoma lines TAB (obtained from Dr. S. Smith, Stanford, CA) (11), 
oS LY8 (obtained from Dr. H. Messner. Toronto Ontario. Canada) 
(12). and the murine lymphoma line AKR/J SL2 (obtained from Dr. L 
Bernstein, Seattle, WA). . ^ 

Antibodies. Antibodies for targeting experiments *» 
CDS antibody Leu-1 (IgG2a). anti-CD7 ant.bodu* 4H9 0gG2a)and 
S91 asG2a) (obtained from Dr.-E. Engelman, Stanford), the ««ti-MHC 
classTanldy L243 (IgG2a), and anti-B2 ™^°^ N ^£ 
L368 (IrGI) The Thy-1.1 hybridoma was provided by Drs. NowinsKy 
and B-sti (Fred Hutchinson Cancer Center, Seattle] lTJ. anti- 
idiorype antibodies, anti-TAB (IgGU and an ^ CT . LY l^ a ). were 
produced by fusion of the spleen cells of B ALB/c mice w>thP3X68" 3 
myeloma cells. The mice were immunized wnb the secreted id^otype of 
the hybridoma between the TAB or OCI LY8 tumor «Us ^d K6HB5 
myeloma cells (13). All antibodies were punfied by double ammonium 
Tu e precipiitiins and were judged to be greater man 80% pure on 
sodium dod£yl sulfate polyacrylamide gel electrophoresxs. The contro 
nonbinding antibody used in the growth inhibition assays was £he OC 
LY8 anti-idiotype antibody for experiments using the cell 
VLB, TAB, and AKR/J SL2, and the TAB anti-tdiotype antibody for 
experiments using OCI LY8. . 

Growth Inhibidon. The targeting or control antibody was addwlat 
0.1 ,g/10' cells and .fur 20 min a, 4'C, excess antfcody ™™»* 
bv washing with cold RPM1 1640 tw ce. Ahquots of 1 X 10 cells in 1 
ml werertM to duplicate to a 24-well plate. Increasing 
ZZ ofTA lipo'somes or free drug in 10 ,1 
, nn wells _ The drue or PA liposomes' were incubated wiUi it* 

2Z£S £ Entire assayW Tbrc* 
for 72 h at 37'C, 555 CO* and then counted on a (WI»Cort« r. AU 
Lays were performed in RPMI 1640 (Gibco) "PP^"^ 1 "J 
n« t -inactivated fetal calf serum (Flow Laboratories). Resultt were 
!£Ld either as percentage of control cell number oras the^lC^ 
Liposome Binding. Cellsd X 10 4 ) were ^ 
Ac sSc antibody (100 „1 at 10 pg/ml per 10* cells). Ex^annbo^ 
LTemoved by washing mice with Dulbecco's PBS w*h 1% bovme 
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>;rum albumin. The cells were suspended m 1 ml PBS and PA 
liposomes were added and incubated at f C for 20 ^ Excess PA 
liposomes were removed by washing twice and then 100 m! of the 
nonspecific nuorescein<onjugatcd antibody were added as a counter- 
stain^en wadied after 20 min at 4'C Cells were resu^ended in 1 ml 
PBS at 4*0 arid analyzed on the Becton Dickinson FACS 440, 

Liposome Internalization. PA liposomes containing cax^xyOuores- 
cein were used to demonstrate liposome internalization. Cells (1 x 1 0V 
tube) were pretreated with appropriate antibodies and washed. The 
carboxyfluorescein PA liposomes were added at lipid ^n«nmnons 
equal to the predeteoained IC» and incubated at 4 C or 37 C for 
specified times,, washed with cold medium, and then analyzed on the 
FACS, 

Antibody Binding. The degree of antibody binding to the various cell 
lines was' assessed by indirect immunofluorescence by using an affinity 
purified goat anti-mouse fluorescein<onjugated monoclonal antibody. 
Samples were analyzed on the FACS 440. 

Protein A Binding. The decree or protein A binding was assessed by 
an ELISA in which 96-well microtiter plates (Immulon, Dynatech) 
were coated with protein A at a concentration of 5 Hg/ml for 1 8 h. The 
plates were blocked with PBS containing S% Carnation evaporated 
milk and then washed. Serial dilutions of the respective antibodies (pH 
7.6) were added (1 ^g/ml) and washed after a 1-h incubation. Goat 
anti-mouse immunoglobulin horseradish peroxidase was then added 
for 1 hour and washed. J^'-.^idobisCS^thylbenzthiazolinesulfonic 
acid)-citric acid-H 2 0 2 substrate solution was added, and color was 
quantitated on a Dynatech micro-EUSA reader at a wavelength of 405 
nm with a reference wavelength of 630 nm. 



RESULTS 

Growth Inhibition. We assessed the ability of various cell- 
specific monoclonal antibodies linked to PA liposomes contain- 
ing a drug to inhibit the growth of several malignant cell lines. 
Two different compounds were assessed Initially, methotrex- 
ates-aspartate was chosen for encapsulation. This pteridine 
antifolate is not as efficiently transported into cells as metho- 
trexate, while it is an equally good inhibitor of dihydrofolate 
reductase (14), The effect from possible uptake of leaked drug 
is therefore insignificant (9, 15). Subsequently, methotrexate 
was tested as well. 

Growth inhibition of B- and T-cell lines by PA liposomes 
with encapsulated methotrexates-aspartate bound to a variety 
of antibodies is shown in Table 1. The IC S0 for free noncap- 
sulated methotrexaie-y-aspaxtate was similar in the different 
human lines (8 x 10" 7 to 1 x lfr 6 m), while the murine line 



Table I Oromh inhibition qf leukemia cell tines byprvicln A liposomes 
Cells (1 x 10 9 ) were washed, reacted with designated anribodicB : (100 *d of 1 
m/ml), washed again, and exposed to varying molar concentrations of liposomes 
or free drag. After 72 h at 37'C, the cell numbers were counted on a Coulter 
Counter. Exposures to drug and PA liposomes were continual, No enhanced 
targeting effect was seen. at shorter drug or liposome exposure rimes (data not 
shown). 



Cell line 


Antibody 


Metliolrexate-7-aspanate 




CEM/VLB 




(human T) 


Control 0 




Anti-CD7 (4H9) 




Anri-CD7 (S91) 




Anti-CD5 (Lcu-1) 


TAB 




(human B) 


Control 




Anti-idiotypc 




Anti-MHC class II 




GL243) 


AKR/J &L2 




(murine T) 


Control 




Thy-M 


Methotrexate 




CEM/VLB 




(human TJ 


Control 


Anti-CDS (Lcu-1) 




Anti-B2 micro- 




globulin 


TAB 




(human B) 


Control 




Antiidiotype 




Anti-MHC class II 




(L243) 


OCI T-YS 




(human B) 


Control 




Anti-idiotype 




Anti-MHC class 11 




CL243) 



Free 
drug 



PA 
liposome 



8 x 10"' 



ix 10^ 



5 X 10* 7 



8 x 10-* 



2x 10r" 



4 X \0- 



2.5 X 10- 7 
2.5 x 10-' 
2,5x10^ 
2.0 X 10^ 

8X10* 1 
9X10" 7 

5 x io- 7 



7.5 X 10C* 

sxior 9 



SxKT' 
5 x NT' 
4 X 10* 7 



6x t(T 7 
6X 10 -7 
3 X 10" 7 



9 X IO" 7 
9 X 10-' 
3x10^ 



was slightly more sensitive (IC*, of 5 x IO" 7 ). The drug encap 
sulated in nontargeted PA liposomes was more effective in 
growth inhibition than free drug on all cell lines, with the 
greatest reduction of IC 50 (7.5-fold) seen in the murine line. 
With the targeted PA liposomes, in the murine example as 
shown previously (9), there was a marked further reduction in 
the 1C M of 12.5-fold compared to nonspecific antibody-targeted 
PA liposomes. In the human lines, only a modest targeting 
effect was seen using the anti-MHC class II monoclonal anti- 
body, L24J in one B-cell lymphoma line with an approximate 
2-fold reduction in the IC 50 compared to PA liposomes targeted 
with a nonspecific antibody. This reduction in IC S0 was seen 
reproducibiy in three separate experiments. No reduction in 
IC;* was seen when targeting was performed with an anti- 
idiotype antibody against this B-cell line or with antibodies 
against CD5 or CD7 in the T-cell line. 

Because of the minimal growth inhibition seen in the human 
cell lines with most of the monoclonal antibodies tested, meth- 
otrexate, a chemotherapeutic agent more potent in free form 
than the -/-substituted derivative, was encapsulated into the PA 
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' Mean standard deviation between duplicates in all experiments wa$ less ihan 
5%. 

6 Murine class matched nonbinding antibody. 

liposomes. Table 1 also shows the IC M for human cell lines 
when methotrexate instead of methotrexates-aspartate was 
incorporated in the PA liposomes. The cell lines were clearly 
more sensitive to free methotrexate than to methotrexates- 
aspartate. A targeting effect was again seen with the anti-MHC 
class II antibody. In this case there was a 3-fold reduction in 
ICso for OCI LYS and a 2-fold reduction for TAB. There was 
an increase in IC50 for encapsulated methotrexate as compared 
to free methotrexate which was not seen for encapsulated 
methotrexate-7-aspartate as compared to free methotrexates- 
aspartate. In contrast to methotrexates-aspartate, free meth- 
otrexate is more effective than drug encapsulated into liposomes 
because of its higher rate of influx. However, the IC M of 
encapsulated methotrexate is similar to that of encapsulated 
methotrexate-7-aspariate, since cell entry of encapsulated drug 
depends on the uptake of the liposomes. The antibodies used 
for targeting did not alter the cytotoxicity induced by either 
free methotrexate or free methotrexates-aspartate (data not 
shown). 

Thus, specific growth inhibition in the human cell lines by 
PA liposomes containing methotrexate or methotrexates-as- 
partate was seen only when an anti-MHC class II antibody was 
used for targeting the liposomes. Fig. I shows the PA liposome 
dose-response effect when the anti-MHC class II antibody was 
used for targeting. An antibody dose-response effect was also 
seen with this targeting antibody (data not shown). Note that 
the ICso for free methotrexate was lower than the ICso for anti- 
MHC class II antibody-targeted PA liposomes containing 
methotrexate. In this case enhancement of targeting refers to a 
reduction in IC fl0 for specifically targeted as compared to non- 
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Fig. J. Specific enhanced growth inhibition effect by class It antibody-targeted 
PA liposomes. Growth inhibition was assessed for. the OC1 LY8 cell line (sec 
-Materials and Methods") and expressed as percentage or control cell growth. 
Specific enhanced growth inhibition was seen with both methotrexate and meth- 
otrexates-aspartate containing PA liposomes (although results shown are wnh 
methotrexate encapsulated PA liposomes). Shown is a representative experiment 
with free methotrexate (♦). nonspecific antibody-PA liposomes (O), onti-OCI LY 
8 idiotype-PA liposomes (■), anti-MHC class Il-PA liposomes (0). anii-idiotype 
and anti-MHC class Il-PA liposomes (A). 

specifically targeted drug containing PA liposomes* For the 
other antibodies used on the human cell lines, the curves in Fig. 
2 were representative of the absence of targeting effect seen 
over a 1000-fold increment in the concentration of the targeting 
antibody. Because of this result, several variables were examined 
to explain why only the anti-MHC class II antibody was effec- 
tive in producing enhanced growth inhibition. 

Comparison of Antibody Binding. A comparison of the fluo- 
rescent intensity of monoclonal antibody binding to the various 
cell lines was made in order to correlate antibody-directed PA 
liposome-mediated growth inhibition and antibody-cell binding. 
Table 2 shows the mean fluorescent intensity (using the same 
(luorescein-labeled second step antibody) for the various anti- 
bodies used for targeting on the different cell lines. The anti- 
MHC class II antibody bound well to both B-cell lines, although 
there were other antibodies that exhibited higjier degrees of 
blnd^g to these cell lines. No correlation between specific PA 
liposome growth inhibition effect and mean fluorescence was 
seen. 

Comparison of Protein A Binding. To detect any correlation 
between specific monoclonal antibody directed PA liposome 
mediated growth inhibition and the ability of the monoclonal 
antibody to bind protein A, an ELISA binding assay was 
performed (Table 2). The antibody Thy-Ll used on the AKR/ 
J SL2 cell line "eliciting a marked enhanced specific growth- 
inhibiting effect binds to protein A most avidly. There were 
several other antibodies which bound protein A well, yet only 
the anti-MHC class II antibody produced enhanced growth 
inhibition compared to nonspecifically targeted PA liposomes. 
Antibodies which did not bind to protein A, such as anti-B2 
microglobulin antibody, regardless of brightness to which they 
bound to the target were not able to elicit specific enhanced PA 
liposome growth inhibition. 

Demonstration of PA Liposome Binding. To demonstrate that 
the PA liposomes were binding to the cell via the targeting 
antibodies, an indirect assay was used, based on the binding of 
a.fluoresceinated nonspecific antibody to "unoccupied" protein 
A sites on PA liposomes bound to the cell surface, Fig. 3 shows 
a shift m the mean fluorescence in both a murine and human 
cell line ifrom the addition of a nonspecific fluoresceuwjoiyu- 
g*te*S TgG2a antibody to the cell-specific antibody-PA liposome 
complex. This shift did not occur when this antibody was added 
to either a cell-antibody (no PA liposome) complex or to a ceii- 
PA liposome (no specific antibody) complex. A shift in mean 
fluorescence indicating PA liposome binding to the cell via the 
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Fig. 2. Effect of targeting antibody concentration on growth inhibition. Cells 
(I x 10*) were washed and incubated with the varying antibody amounts at 4*C 
for 20 min, washed, and then exposed to varying molar concentrations of PA 
liposomes or free drug (methotrexate-Y-i&portate). After a 72-h incuhation at 
37*C, samples were counted on a Coulter Counter. Exposure to drug and PA 
liposomes was continual. Data are shown for the CEM cell line but are similar 
to data from other lines (see in Table, 1) with antibodies that were unable to 
produce specific enhanced growth inhibition. In all curves, free methotrexates- 
aspartate (♦), nonspecific antibody, 1 *g, PA liposome (A). In a, 6. and c, PA 
liposomes are targeted with S91, 4H9, and Leu- J, respectively, at 1 t*g (O), 0.1 
pg <W, and 0.01 ?g (□) (per 10 s cells). 

specific antibody occurred on the TAB cell line for PA lipo- 
somes targeted by both the antiidiotype and anti-MHC class 
n antibodies. However, from the growth inhibition experiments 
discussed above, only the anti-MHC class II antibody resulted 
in specific growth inhibition. Thus, cell immunoglobuUn-PA 
liposome binding can occur without enhancing growth inhibi- 
tion. 

The histograms (shown on a logarithmic scale) in Fig. 3 
indicate that the degree of cell binding for PA liposomes tar^ 
geted by the anti-idiotype antibody and the anti-MHC class II 
antibody was similar in magnitude to the amount of binding 
seen with the anri-Thy-1.1 antibody on the murine cell line. 
Thus, degree of PA liposome binding to the cell does not 
account for the marked differences in ability of the ahti-Thy- 
1.1 antibody as compared to the other two antibodies to produce 
PA liposome mediated growth inhibition. 

Demonstration of PA Liposome Internalization. In order to 
explain the discrepancy between binding and growth inhibition, 
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Table 2 Comparison of degree pf anybody bindtotg to cclft and antibody binding 
to protein A 



Cell line 


Antibody 


. Anribody-cdl 

binding 
(froorescenae) 0 


A binding (A^,^ 6 


CEM/VLB 


Anti-B2M 


133 


0.08 


Anti-CDS (Um-\) 


70 


0.363 




Anti-CD7 f4H91 


105 


0,435 




Ant&m (591) . 


105 


- 0.430 


TAB 


AAti-MHC class II 


108 


0.273 




. Anri-TAB Idiotypc 


£4 


<U5 


OCI LY8 


Anti-MHC dass n 


102 


0.273 




Ano^OCl I. Yfl idiotypc 


145 


0.246 


AKR/JSL2 


Anli-Thy-U 




0.633 



a Mean fluorescent intensity was assessed by FACS after indirect staining with 
a goat anti-mouse fluorescein conjugate Binding is shown as mean fluorescent 
units minus control nonbioding antibody, 

* Protein A binding was assessed by on ELISA assay, as per ''Materials and 
Methods." Background ttbsorbucc, n detected on iht detector antiooHy (tow 
protein A binder) was subtracted from sample absorbancc Absorbance values 
Shown represent a 1:16 dilution for all antibodies. 





MEAN PUJOBESCENCE 

Fi$ . 3. Demonstration of liposome Dinding. A nonspecific fluoresceinulcd 
antiidiotype antibody (TgG2a) was utilised to indicate PA liposome binding to 
cell in a successive layering assay- Specific or control antibody (1 ug/J0* cells) 
wai added to the cells ai 4"C PA liposomes were then added. After washing, 
indicator fluoresce! rated nonspecific antibody was added and excess was washed 

off. T »og rote fluorescenco seen when all components of the layered complex 

were aaded; — , decreased fluorescence seen when one of the components 
(specific targeting antibody or PA liposome) was excluded. Pa liposome? targeted 
with {A) the Thy-l.t antibody on the AKR/J SL2 cell line; {£) the ami-TAB 
idiotypc antibody on tne TAB cell line; (C) the anti-MHC dass II antibody on 
the TAB cell line. 

we determined whether the PA liposomes associated with cells 
were internalized. To do this we made use of the self-quenching 
effect of carboxyfluorescein when it is encapsulated at high 
concentrations within the internal aqueous spaces of liposomes 
(16, 17). The release of carboxyfluorescein into the cell, after 
successful uptake, results in measurable increased fluorescence, 
due to dilution and dequenching. The background immunoflu- 
orescence for cells binding carboxyfluorescein PA liposomes 
targeted with- the antibodies: at 4'C is shown in Fig. 4. Since 
the process* of internalization is inhibited at 4*Cf, this fluores- 
cence did not change significantly when assessed ai 90 Or 150 
min (data not shown). At 37*C, there was an increase in mean 
fluorescence for the cells targeted with the anti-MHC class II 
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MEAN FLUORESCENCE 

Fig. 4, Demonstration of liposome Uptake. PA liposomes containing carboxy- 
fluorescein were utiliied 10 assess liposome internalization of two fr-celi Unw. 
fhe self-quenching effect of carboxyfluorescein at high concenrxation in the PA 
liposome is overcome when carboxyfluorescein is released into the cell. Cells (1 
x I O 6 ) were reacted with antibody (100 A of 1 0 /*s/ml) for 20 min at 4'C, washed, 
and then the PA liposomes were incubated for 20 min at 4'C and washed. One 
sot orsamplca ww kept at 4*C (to minimize receptor-mediated endocyrosis) and 
one set was incubated at 3TC for 30 min. Samp4«s werr analysed on the PACS 
440. ANTI-ID, anti-idiotype, 

antibody for both the OCI LY8 and the TAB cell lines. This 
indicates internalization of the liposome with subsequent re- 
lease of carboxyfluorescein into the cytoplasm. This increase in 
fluorescence was not seen when targeting was performed with 
a nonspecific antibody or with anti-idiotype antibodies against 
either cell line. Thus, a correlation was seen between monoclo- 
nal antibody-directed PA liposome internalization and the abil- 
ity of the antibody to produce specific PA Izposomc-mcdiated 
growth inhibition, h is noted that the greatest PA liposome 
internali2ation was seen in the OCI LY8 line when both the 
anti-MHC class II and anti-idiotype antibodies were used to- 
gether for targeting. The further increase seen in liposome 
internalization for the two antibodies together did not result in 
further enhancement of growth inhibition compared to anti- 
MHC class II targeting alone (Fig. 1). 

DISCUSSION 

The data in this paper show that drug-containing small 
unilamellar liposomes which arc conjugated 10 protein A can 
be targeted with a monoclonal antibody to result in specific 
growth inhibition of human B-cell lines (Tabic 1). Although 
examples are present in the literature that show enhanced 
cytotoxicity with targeted PA liposomes in murine cell lines 
(16, 18), to date specific liposome cytotoxicity in human lym- 
phoma cell lines has been unsuccessful (8). 

We have demonstrated that the enhanced growth inhibition 
seen by targeting with the anti-MHC class II monoclonal anti- 
body correlates with an increase in PA liposome internalization 
(Fig. 4). This enhanced growth inhibition and PA liposome 
internalization does not occur with antibodies directed against 
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uthc. cellular surface antigens such as the immunoglobulin 
idiotype. The degree of growth inhibition and PA liposome 
internalization seen with antiidiotype antibodies and antibod- 
ies to T-cell differentiation antigens was equivalent to that seen 
with targeting by control nonbinding antibodies. This growth 
inhibition and internalization was probably-related to nonspe. . 
cific endocytosis of the PA liposomes on their own and not 
through an antibody-mediated pathway. This has been previ- 
ously demonstrated for AKR/J SL2 cells with both direct 
antibody-liposome conjugates and PA liposomes (8, 9), Similar 
growth inhibition was seen when ceils were incubated with PA 
liposomes without a targeting antibody (data not shown). 

When the anti-MHC class II antibody wa9 used for targeting, 
a dose-response effect was seen for both the amount of PA 
liposomes and the amount of targeting antibody used. In con- 
trast, with all other antibodies used for targeting, no dose 
response could be seen over a 1000-fold range in targeting 
antibody concentration. Increasing amounts of antibody were 
thus unable to increase the intrinsically minimal antibody- 
mediated PA liposome internalization and growth inhibition by 
these antibodies. A concentration effect for antibody was thus 
seen with the antibody that was internalized well and not with 
those that were not internalized well. This is similar to results 
reported in a previous publication that used a murine model 
(8). 

Although the enhancement of growth inhibition seen with 
the specific as compared to the nonspecific monoclonal anti- 
body-targeted PA liposomes (approximately 3-fold) was not as 
dramatic as that seen with some monoclonal antibody-toxin 
conjugates (19, 20), a reproducible and specific effect was seen. 

We have investigated some of the factors regulating the ability 
of monoclonal antibody targeted PA liposomes to produce a 
cell specific growth inhibitory effect. In order to understand 
why the specific growth inhibitory effect was seen with certain 
monoclonal antibodies (anti-MHC class II) and not with others 
(anti-idiotypes and antibodies to T-cell differentiation anti- 
gens), we assessed the degree of cell binding and protein A 
binding of the targeting antibody. Although the binding of the 
anti-MHC class II monoclonal antibody was high on both cell 
lines where a specific growth-inhibitory effect was seen (Table 
2), the binding of some of the other monoclonal antibodies was 
similarly high. Similarly, protein A binding could not distin- 
guish between antibodies which were able to mediate targeting 
and those which were not (Table 2). Clearly, for an antibody to 
enhance PA liposome-mediated growth inhibition, both cell 
surface binding and protein A binding must be above a critical 
level. However, these two factors alone did not assure that 
enhanced growth inhibition would result. 

Despite the ability of PA liposomes to bind to cells via an 
antiidiotype targeting antibody (Fig. 3), enhanced growth in- 
hibition did not occur as it did with the anti-MHC class II 
antibody. The histograms in Fig. 3 show that the degree of PA 
liposome binding to the TAB cell line was comparable for 
targeting with either the anti-idiotype or anti-MHC class II 
antibodies. Furthermore, the degree of PA liposome binding 
through either of these antibodies was approximately as great 
as with the antibody which produces the most marked example 
of specific enhanced growth inhibition (ami-Thy-1.1 with the 
AKR/J SL2 murine cell line). However, increased PA liposome 
internalization did not occur with the antiidiotype antibody as 
it did with the class II antibody (Fig. 4). The defect was clearly 
in PA liposome internalization for the anti-idiotype antibody 
PA liposome complex. 

Antibody isotype is not a probable explanation for the differ- 



ences in antibody-mediated liposome internalization. Although 
the TAB anti-idiotype was an IgGl and the anti-MHC class II 
was an IgG2a, a defect in internalization was also seen with the 
OC1 LY8 cell line and its IgG2a anti-idiotype (Fig. 4). 

No additional effect on growth inhibition was seen when 
targeting- wa&.perfprmed with both, an antibody directed against . 
a class II MHC determinant (where internalization was dem- 
onstrated) and an anti-idiotype antibody (where internalization 
on its own did not occur). The internalization data (Fig. 4) 
suggested that for the OC1 LY8 cell line, more PA liposome 
internalization occurred when both the anti-idiotype antibody 
and the anti-MHC class II antibody were used together for 
targeting. The explanation for this discrepancy is unclear, how- 
ever, the increase in internalization seen with the combination 
of antibodies may not be enough to cause augmented growth 
inhibition. 

It is significant that only the antibody to the class 11 MHC 
determinant resulted in enhanced PA liposome internalization 
and growth inhibition in both B-ccll lines tested. Other inves- 
tigators have shown that PA liposomes targeted to class II 
determinants on murine B-cell lines result in increased liposome 
uptake and cellular cytotoxicity (7, 21). This may suggest a 
special role for class II determinants on B-cells for MHC- 
associated antigen endocytosis and processing. 

An analogy can be drawn between specific growth inhibition 
with antibody-directed PA liposomes and antibody-toxin con- 
jugates. Specific tumor cell lysis has been described with several 
different antibody-toxin conjugates, with the most marked ex- 
amples being with immunotoxins directed against the immu- 
noglobulin idiotype or isotype of a murine B-cell tumor (22, 
23) or against the Thy-1 antigen on T-celis and T-cell teukemias 
(24-26). As with liposomes, variability in target cell sensitivity 
to immunotoxins has been documented (24, 27), Factors re- 
sponsible for this variability have been described and include 
density of cell surface antigen (28), the rate of endocytosis of 
the antigen-immunotoxin complex (29), and the isotype of the 
targeting antibody (29, 30). Although we have not found the 
degree of targeting antibody binding (as measured hy mean 
fluorescent intensity) and antibody isotype to be significant 
factors, our results concur with the importance of antigen- 
antibody endocytosis as a m^jor parameter influencing effective 
liposome growth inhibition. 

The specific growth inhibition seen by using anti-idiotype 
antibodies to target PA liposomes was not as marked as was 
seen by several authors when anti-idiotypes were used to target 
immunotoxins (21, 23, 31). Some immunotoxins are exquisitely 
effective in inhibiting cellular protein synthesis and only one 
ricin A chain can completely inhibit protein synthesis and loll 
the cell (32). Although we have shown that anti-idiotype anti- 
bodies were not internalized as rapidly as the anti-MHC class 
11 antibody, some internalization was seen (Fig. 4). Probably, 
the difference in growth inhibition seen with anti-idiotype- 
targeted PA % liposomes and anti-idiotype-targeted immunotox- 
ins is stoichiometric with sufficient internalization occurring to 
deliver lethal amounts of immunotoxin but insufficient amounts 
of chemotherapeutic drug to kill the pell. 

We have demonstrated that PA liposomes can be targeted 
with an anti-MHC class U monoclonal antibody in human B- 
cells to result in specific PA liposome internalization and 
cellular growth inhibition. A correlation between antibody- 
directed PA liposome internalization and enhanced growth- 
inhibition was obtained. Cell surface and protein A binding of 
the targeting antibody are necessary but not sufficient factors 
for determining specific growth inhibition. The ability of the 
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.areeted antigen to perform receptor-mediated endocytosis 
seems to be important and may limit the use of PA liposomes 
for cytotoxic purposes to certain targeting antibodies. Further 
clarification of these factors are necessary in order to optimize 
the utility of liposomes for specific cellular cytotoxicity. 
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